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Magnetic Reconnection in Astrophysical
Environments
Alex Lazarian, Gregory L. Eyink, Ethan T. Vishniac and Grzegorz Kowal
Abstract Magnetic reconnection is a process that changes magnetic field topology
in highly conducting fluids. Traditionally, magnetic reconnection was associated
mostly with solar flares. In reality, the process must be ubiquitous as astrophysical
fluids are magnetized and motions of fluid elements necessarily entail crossing of
magnetic frozen in field lines and magnetic reconnection. We consider magnetic re-
connection in realistic 3D geometry in the presence of turbulence. This turbulence
in most astrophysical settings is of pre-existing nature, but it also can be induced
by magnetic reconnection itself. In this situation turbulent magnetic field wander-
ing opens up reconnection outflow regions, making reconnection fast. We discuss
Lazarian & Vishniac (1999) model of turbulent reconnection, its numerical and ob-
servational testings, as well as its connection to the modern understanding of the
Lagrangian properties of turbulent fluids. We show that the predicted dependences
of the reconnection rates on the level of MHD turbulence make the generally ac-
cepted Goldreich & Sridhar (1995) model of turbulence self-consistent. Similarly,
we argue that the well-known Alfve´n theorem on flux freezing is not valid for the
turbulent fluids and therefore magnetic fields diffuse within turbulent volumes. This
is an element of magnetic field dynamics that was not accounted by earlier theories.
For instance, the theory of star formation that was developing assuming that it is
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only the drift of neutrals that can violate the otherwise perfect flux freezing, is af-
fected and we discuss the consequences of the turbulent diffusion of magnetic fields
mediated by reconnection. Finally, we briefly address the first order Fermi accel-
eration induced by magnetic reconnection in turbulent fluids which is discussed in
detail in the chapter by de Gouveia Dal Pino and Kowal in this volume.
1 Introduction
Magnetic fields modify fluid dynamics and it is generally believed that magnetic
fields embedded in a highly conductive fluid retain their topology for all time due
to the magnetic fields being frozen-in [1, 2]. Nevertheless, highly conducting ion-
ized astrophysical objects, like stars and galactic disks, show evidence of changes in
topology, i.e. “magnetic reconnection”, on dynamical time scales [3, 4, 5]. Histor-
ically, magnetic reconnection research was motivated by observations of the solar
corona [6, 7, 8] and this influenced attempts to find peculiar conditions conducive
for flux conservation violation, e.g. special magnetic field configurations or special
plasma conditions. For instance, much work has concentrated on showing how re-
connection can be rapid in plasmas with very small collision rates [9, 10, 11, 12].
However, it is clear that reconnection is a ubiquitous process taking place in var-
ious astrophysical environments, e.g. magnetic reconnection can be inferred from
the existence of large-scale dynamo activity inside stellar interiors [13, 14], as well
as from the eddy-type motions in magnetohydrodynamic turbulence. Without fast
magnetic reconnection magnetized fluids would behave like Jello or felt, rather than
as a fluid.
In fact, solar flares [15] are just one vivid example of reconnection activity. Some
other reconnection events, e.g. γ-ray bursts [16, 17, 18, 19] also occur in collision-
less media, while others take place in collisional media. Thus attempts to explain
only collisionless reconnection substantially limits astrophysical applications of the
corresponding reconnection models. We also note that magnetic reconnection oc-
curs rapidly in computer simulations due to the high values of resistivity (or numer-
ical resistivity) that are employed at the resolutions currently achievable. Therefore,
if there are situations where magnetic fields reconnect slowly, numerical simulations
do not adequately reproduce astrophysical reality. This means that if collisionless re-
connection is the only way to make reconnection rapid, then numerical simulations
of many astrophysical processes, including those of the interstellar medium (ISM),
which is collisional, are in error. Fortunately, this scary option is not realistic, as
recent observations of the collisional parts of the solar atmosphere indicate fast re-
connection [20].
What makes reconnection enigmatic is that it is not possible to claim that re-
connection must always be rapid empirically, as solar flares require periods of flux
accumulation time, which correspond to slow reconnection. Thus magnetic recon-
nection should have some sort of trigger, which should not depend on the parameters
of the local plasma. In this review we argue that the trigger is turbulence.
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We may add that some recent reviews dealing with turbulent magnetic reconnec-
tion include [21] and [22]. The first one analyzes the reconnection in relation to solar
flares, the other provides the comparison of the PIC simulations of the reconnection
in collisionless plasmas with the reconnection in turbulent MHD regime.
In the review below we provide a simple description of the basics of magnetic
reconnection and astrophysical turbulence in §2, present the theory of magnetic re-
connection in the presence of turbulence and its testing in §3 and §4, respectively.
Observational tests of the magnetic reconnection are described in §5 while the ex-
tensions of the reconnection theory are discussed in §6 and its astrophysical impli-
cations are summarized in §7. In §8 we present a discussion and summary of the
review.
2 Basics of Magnetic Reconnection and Astrophysical
Turbulence
2.1 Models of laminar reconnection
Turbulence is usually not a welcome ingredient in theoretical modeling. Turbulence
carries an aura of mystery, especially magnetic turbulence, which is still a subject of
ongoing debates. Thus, it is not surprising that researchers prefer to consider laminar
models whenever possible.
Fig. 1 Sweet-Parker reconnection. Simulations of laminar reconnection from [23] are used. The
current sheet has Lx extension, while the ejection of matter and shared component of magnetic
field happens through ∆ . The cross-section of the reconnection is shown. Generically, the shared
component of magnetic field is directed perpendicular to the picture plane. This component should
be also ejected through ∆ .
The classical Sweet-Parker model, the first analytical model for magnetic recon-
nection, was proposed by Parker [24] and Sweet [25]1. Sweet-Parker reconnection
has the virtue that it relies on a robust and straightforward geometry (see Figure 1).
Two regions with uniform laminar magnetic fields are separated by thin current
1 The basic idea of the model was first discussed by Sweet and the corresponding paper by Parker
refers to the model as “Sweet model”.
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sheet. The speed of reconnection is given roughly by the resistivity divided by the
sheet thickness, i.e.
Vrec1 ≈ η/∆ . (1)
One might incorrectly assume that by decreasing the current sheet thickness one can
increase the reconnection rate. In fact, for steady state reconnection the plasma in
the current sheet must be ejected from the edge of the current sheet at the Alfve´n
speed, VA. Thus the reconnection speed is
Vrec2 ≈VA∆/L, (2)
where L is the length of the current sheet, which requires ∆ to be large for a large
reconnection speed.
In other words, we face two contradictory requirements on the outflow thickness,
namely, ∆ should be large so as to not constrain the outflow of plasma and ∆ should
be small for the Ohmic diffusivity to do its job of dissipating magnetic field lines. As
a result, the steady state Sweet-Parker reconnection rate is a compromise between
the two contradictory requirements. If ∆ becomes small, the reconnection rate Vrec1
increases, but the insufficient outflow of plasma from the current sheet will lead to
an increase in ∆ and slow down the reconnection process. If ∆ increases, the outflow
will speed up but the oppositely directed magnetic field lines get further apart and
Vrec1 drops. The slow reconnection rate limits the supply of plasma into the outflow
and decreases ∆ . This self regulation ensures that in the steady state Vrec1 = Vrec2
which determines both the steady state reconnection rate and the steady state ∆ . As
a result, the overall reconnection speed is reduced from the Alfve´n speed by the
square root of the Lundquist number, S≡ LxVA/η , i.e.
Vrec,SP =VAS−1/2. (3)
For astrophysical conditions the Lundquist number S may easily be 1016 and
larger. The corresponding Sweet-Parker reconnection speed is negligible. If this sets
the actual reconnection speed then we should expect magnetic field lines in the
fluid not to change their topology, which in the presence of chaotic motions should
result in a messy magnetic structure with the properties of Jello. On the contrary,
the fast reconnection suggested by solar flares, dynamo operation etc. requires that
the dependence on S be erased.
A few lessons can be learned from the analysis of the Sweet-Parker reconnection.
First of all, it is a self-regulated process. Second, even with the Sweet-Parker scheme
the instantaneous rates of reconnection are not restricted. Indeed, under the external
forcing the Ohmic annihilation rate given by Vrec1 can be arbitrary large, which,
nevertheless does not mean that the time averaged rate of reconnection is also large.
This should be taken into account when the probability distribution functions of
currents are interpreted in terms of magnetic reconnection (see §4.5).
The low efficiency of the Sweet-Parker reconnection arises from the disparity
of the scales of ∆ , which is determined by microphysics, i.e. depends on η , and
Lx that has a huge, i.e. astronomical, size. The introduction of plasma effects does
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not change this problem as in this case ∆ should be of the order of the ion Larmor
radius, which is  Lx. There are two ways to make the reconnection speed faster.
One way is to reduce Lx, by changing the geometry of reconnection region, e.g.
making magnetic field lines come at a sharp angle rather than in a natural Sweet-
Parker way. This is called X-point reconnection. The most famous example of this is
Petschek reconnection [26] (see Figure 2). The other way is to extend ∆ and make it
comparable to Lx. Obviously, a factor different from resistivity should be involved.
In this review we provide evidence that turbulence can do the job of increasing
∆ . However, before focusing on this process, we shall first discuss very briefly the
Petschek reconnection model, which for a few decades served as the default model
of fast reconnection.
Fig. 2 Petschek reconnection is an X-point reconnection where due to the formation of shocks the
magnetic field lines are bent sharply towards the reconnection “point” with Lx ∼ ∆ .
Figure 2 illustrates the Petschek model of reconnection. The model suggests that
extended magnetic bundles come into contact over a tiny area determined by the
Ohmic diffusivity. This configuration differs dramatically from the expected generic
configuration when magnetic bundles try to press their way through each other. Thus
the first introduction of this model raised questions of dynamical self-consistency.
An X-point configuration has to persist in the face of compressive bulk forces. How-
ever, numerical simulations have shown that an initial X-point configuration of mag-
netic field reconnection is unstable in the MHD limit for small values of the Ohmic
diffusivity [27] and the magnetic field will relax to a Sweet-Parker configuration.
The physical explanation for this effect is simple. In the Petschek model shocks are
required in order to maintain the geometry of the X-point. These shocks must persist
and be supported by the flows driven by fast reconnection. The simulations showed
that the shocks fade away and the contact region spontaneously increases.
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X-point reconnection can be stabilized when the plasma is collisionless. Numer-
ical simulations [9, 28] have been encouraging in this respect and created the hope
that there was at last the solution of the long-standing problem of magnetic recon-
nection. However, there are several important issues that remain unresolved. First,
it is not clear that this kind of fast reconnection persists on scales greater than the
ion inertial scale [29]. Several numerical studies [30, 31, 32] have found large scale
reconnection speeds which are not fast in the sense that they show dependence on
resistivity. There are countervailing analytical studies [33, 34] which suggest that
Hall X-point reconnection rates are independent of resistivity or other microscopic
plasma mechanisms of line slippage, but the rates determined in these studies be-
come small when the ion inertial scale is much less than Lx. Second, in many cir-
cumstances the magnetic field geometry does not allow the formation of X-point
reconnection. For example, a saddle-shaped current sheet cannot be spontaneously
replaced by an X-point. The energy required to do so is comparable to the mag-
netic energy liberated by reconnection, and must be available beforehand. Third,
the stability of the X-point is questionable in the presence of the external random
forcing, which is common, as we discuss later, for most of the astrophysical envi-
ronments. Finally, the requirement that reconnection occurs in a collisionless plasma
restricts this model to a small fraction of astrophysical applications. For example,
while reconnection in stellar coronae might be described in this way, stellar chro-
mospheres can not. This despite the fact that we observe fast reconnection in those
environments [20]. More generally, Yamada [35] estimated that the scale of the re-
connection sheet should not exceed about 40 times the electron mean free path. This
condition is not satisfied in many environments which one might naively consider
to be collisionless, among them the interstellar medium. The conclusion that stellar
interiors and atmospheres, accretion disks, and the interstellar medium in general
does not allow fast reconnection is drastic and unpalatable.
Petschek reconnection requires an extended X-point configuration of recon-
nected magnetic fluxes and Ohmic dissipation concentrated within a microscopic
region. As we discuss in this review (see §5), neither of these predictions were
supported by solar flare observations. This suggests that neither Sweet-Parker nor
Petschek models present a universally applicable mechanism of astrophysical mag-
netic reconnection. This does not preclude that these processes are important in par-
ticular special situations. In what follows we argue that Petschek-type reconnection
may be applicable for magnetospheric current sheets or any collisionless plasma
systems, while Sweet-Parker can be important for reconnection at small scales in
partially ionized gas.
2.2 Turbulence in Astrophysical fluids
Neither of these models take into account turbulence, which is ubiquitous in astro-
physical environments. Indeed, plasma flows at high Reynolds numbers are gener-
ically turbulent, since laminar flows are then prey to numerous linear and finite-
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amplitude instabilities. This is sometimes driven turbulence due to an external en-
ergy source, such as supernova in the ISM [36, 37], merger events and AGN out-
flows in the intercluster medium (ICM) [38, 39, 40], and baroclinic forcing behind
shock waves in interstellar clouds. In other cases, the turbulence is spontaneous,
with available energy released by a rich array of instabilities, such as the MRI in
accretion disks [41], the kink instability of twisted flux tubes in the solar corona
[42, 43], etc. Whatever its origin, observational signatures of astrophysical turbu-
lence are seen throughout the universe. The turbulent cascade of energy leads to
long “inertial ranges” with power-law spectra that are widely observed, e.g. in the
solar wind [44, 45], and in the ICM [46, 47].
Figure 3 illustrates the so-called “Big Power Law in the Sky” of the electron
density fluctuations. The original version of the law was presented by Armstrong
et al. [48] for electron scattering and scintillation data. It was later extended by
Chepurnov et al. [49] who used Wisconsin Hα Mapper (WHAM) electron density
data. We clearly see the power law extending over many orders of of spatial scales
and suggesting the existence of turbulence in the interstellar medium. With more
surveys, with more developed techniques we are getting more evidence of the tur-
bulent nature of astrophysical fluids. For instance, for many years non-thermal line
Doppler broadening of the spectral lines was used as an evidence of turbulence2. The
development of new techniques, namely, Velocity Channel Analysis (VCA) and Ve-
locity Correlation Spectrum (VCS) in a series of papers by Lazarian & Pogosyan
[51, 52, 53, 54] enabled researchers to use HI and CO spectral lines to obtain the
power spectra of turbulent velocities (see [55] for a review and references therein).
As turbulence is known to change dramatically many processes, in particular,
diffusion and transport processes, it is natural to pose the question to what extent
the theory of astrophysical reconnection must take into account the pre-existing tur-
bulent environment. We note that even if the plasma flow is initially laminar, kinetic
energy release by reconnection due to some slower plasma process is expected to
generate vigorous turbulent motion in high Reynolds number fluids.
2.3 MHD description of plasma motions
Turbulence in plasma happens at many scales, from the largest to those below the
proton Larmor radius. The effect of turbulence on magnetic reconnection is different
for different types of turbulence. For instance, micro turbulence can change the mi-
croscopic resistivity of plasmas and induce anomalous resistivity effects (see [56]).
In this review we advocate the idea that for solving the problem of magnetic recon-
nection in most astrophysical important cases the approach invoking MHD rather
than plasma turbulence is adequate. To provide an initial support for this point, we
shall reiterate a few known facts about the applicability of MHD approximation
2 The power-law ranges that are universal features of high-Reynolds-number turbulence can be
inferred to be present from enhanced rates of dissipation and mixing [50] even when they are not
seen.
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Fig. 3 Turbulence in the interstellar gas of the Milky Way as revealed by electron density fluctu-
ations. “Big Power Law in the Sky” [48] extended using WHAM data. The slope corresponds to
that of Kolmogorov turbulence. From [49].
([57], [58]). Below we argue that MHD description is applicable to many settings
that include both collisional and collisionless plasmas, provided that we deal with
plasmas at sufficiently large scales. To describe magnetized plasma dynamics one
should deal with three characteristic length-scales: the ion gyroradius ρi, the ion
mean-free-path length `mf p,i arising from Coulomb collisions, and the scale L of
large-scale variation of magnetic and velocity fields.
One case of reconnection that is clearly not dealt with by the popular models
of collisionless reconnection (see above) is the “strongly collisional” plasma with
`mf p,i ρi. This is the case e.g. of star interiors and most accretion disk systems.
For such “strongly collisional” plasmas a standard Chapman-Enskog expansion pro-
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vides a fluid description of the plasma [59], with a two-fluid model for scales be-
tween `mf p,i and the ion skin-depth δi = ρi/
√
βi and an MHD description at scales
much larger than δi. This is the most obvious case of MHD description for plasmas.
Hot and rarefied astrophysical plasmas are often “weakly collisional” with `mf p,i
ρi. Indeed, the relation that follows from the standard formula for the Coulomb col-
lision frequency (e.g. see [60], Eq. 1.25) is
`mf p,i
ρi
∝
Λ
lnΛ
VA
c
, (4)
where Λ = 4pinλ 3D is the plasma parameter, or the number of particles within the
Debye screening sphere, which indicates that Λ can be very large. Typical values
for some weakly coupled cases are shown in Table 1 [58].
Table 1 Representative Parameters for Some Weakly-Coupled Astrophysical Plasmas (from [58])
Parameter warm ionized post-CME solar wind at
ISMa current sheetsb magnetospherec
density n, cm−3 .5 7×107 10
temperature T, eV .7 103 10
plasma parameter Λ 4×109 2×1010 5×1010
ion thermal velocity vth,i, cm/s 106 3×107 5×106
ion mean-free-path `mf p,i, cm 6×1011 1010 7×1012
magnetic diffusivity λ , cm2/s 107 8×102 6×105
magnetic field B, G 10−6 1 10−4
plasma beta β 14 3 1
Alfve´n speed VA, cm/s 3×105 3×107 7×106
ion gyroradius ρi, cm 108 3×103 6×106
large-scale velocity U, cm/s 106 4×106 5×106
large length scale L, cm 1020 5×1010 108
Lundquist number SL =
VAL
λ 3×1018 2×1015 109
resistive length∗ `⊥η , cm 5×105 1 20
a[36, 37] b[61] c[62]
*This nominal resistive scale is calculated from `⊥η ' L(VA/U)S−3/4L , assuming GS95 turbulence holds
down to that scale, and should not be taken literally when `⊥η < ρi.
For the “weakly collisional” but well magnetized plasmas one can invoke the
expansion over the small ion gyroradius. This results in the “kinetic MHD equa-
tions” for lengths much larger than ρi. The difference between these equations and
the MHD ones is that the pressure tensor in the momentum equation is anisotropic,
with the two components p‖ and p⊥ of the pressure parallel and perpendicular to the
local magnetic field direction [57]. “Weakly collisional”, i.e. L `mf p,i., and colli-
sionless, i.e. `mf p,i L systems have been studied recently [63, 64]. While the direct
collisions are infrequent, compressions of the magnetic field induces anisotropies,
as a consequence of the adiabatic invariant conservation, in the phase space particle
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distribution. This induces instabilities that act upon plasma causing particle scat-
tering [66, 67]. Thus instead of Coulomb collisional frequency a new frequency of
scattering is invoked. In other words, particles do not interact between each other,
but each particle interacts with the ensemble of small scale perturbations induced
by instabilities in the compressed magnetized plasmas. By adopting the in-situ mea-
sured distribution of particles in the collisionless solar wind Santos-Lima et al. [64]
showed numerically that the dynamics of such plasmas is identical to that of MHD.
Even without invoking instabilities, one can approach “weakly collisional” plas-
mas solving for the magnetic field using an ideal induction equation, if one ignores
all collisional effects. In many cases, e.g. in the ISM and the magnetosphere (see
Table 1) the resistive length-scale `⊥η is much smaller than both ρi and ρe ≈ 143ρi.
Magnetic field-lines are, at least formally, well “frozen-in” on these scales3. In
the “weakly collisional” case the“kinetic MHD” description can be simplified at
scales greater than `mf p,i by including the Coulomb collision operator and making
a Chapman-Enskog expansion. This reproduces a fully MHD description at those
large scales. The idealized warm ionized phase of ISM represents “weakly colli-
sional” plasmas in Table 1.
We can also note that additional simplifications that justify the MHD approach
occur if the turbulent fluctuations are small compared to the mean magnetic field,
and having length-scales parallel to the mean field much larger than perpendicular
length-scales. Treating wave frequencies that are low compared to the ion cyclotron
frequency we enter the domain of “gyrokinetic approximation” which is commonly
used in fusion plasmas. This approximation was advocated for application in astro-
physics by [68, 69].
For the “gyrokinetic approximation” at length-scales larger than the ion gyrora-
dius ρi the incompressible shear-Alfve´n wave modes get decoupled from the com-
pressive modes and can be described by the simple “reduced MHD” (RMHD) equa-
tions. As we argue later in the review, the shear-Alfve´n modes are the modes that
induce fast magnetic reconnection, while the other modes are of auxiliary impor-
tance for the process.
All in all, our considerations in this part of the review support the generally ac-
cepted notion that the MHD approximation is adequate for most astrophysical flu-
ids at sufficiently large scales. A lot of work on reconnection is concentrated on
the small scale dynamics, but if magnetic reconnection is determined by large scale
motions, as we argue in this review, then the MHD description of magnetic recon-
nection is appropriate.
3 In §7.1 we discuss the modification of the frozen in concept in the presence of turbulence. This
is not important for the present discussion, however.
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2.4 Modern understanding of MHD turbulence
Within this volume MHD turbulence is described in the chapter by Beresnyak &
Lazarian (see also a description of MHD turbulence in the star formation context
in the chapter by H. Vazquez-Semadeni). Therefore in presenting the major MHD
turbulence results that are essential for our further derivation in the review, we shall
be very brief. We will concentrate on Alfve´nic modes, while disregarding the slow
and fast magnetosonic modes that in principle contribute to MHD turbulence [70,
71, 72]. The interaction between the modes is in many cases not significant, which
allows the separate treatment of Alfve´n modes [70, 73, 74].
While having a long history of competing ideas, the theory of MHD turbulence
has become testable recently due to the advent of numerical simulations (see [75])
which confirmed the prediction of magnetized Alfve´nic eddies being elongated in
the direction of the local magnetic field (see [76, 77]) and provided results consistent
with the quantitative relations for the degree of eddy elongation obtained in the
fundamental study by [73] (henceforth GS95).
The relation between the parallel and perpendicular dimensions of eddies in
GS95 picture are presented by the so called critical balance condition, namely,
`−1‖ VA ∼ `−1⊥ δu`, (5)
where δu` is the eddy velocity, while `‖ and `⊥ are, respectively, eddy scales parallel
and perpendicular to the local direction of magnetic field. The local system of refer-
ence is that determined by the direction of magnetic field at the scale in the vicinity
of the eddy. It should be definitely distinguished from the mean magnetic field refer-
ence frame [74, 78, 79, 80, 81], where no universal relations between the eddy scale
exist. This is very natural, as small scale turnover eddies can be influenced only by
the magnetic field around these eddies.
The motions perpendicular to the local magnetic field are essentially hydrody-
namic. Therefore, combining (5) with the Kolmogorov cascade notion, i.e. that the
energy transfer rate is δu2`/(`⊥/δu`) = const one gets δu` ∼ `1/3⊥ , which coincides
with the known Kolmogorov relation between the turbulent velocity and the scale.
For the relation between the parallel and perpendicular scales one gets
`‖ ∝ L
1/3
i `
2/3
⊥ , (6)
where Li is the turbulence injection scale. Note that recent measurements of anisotropy
in the solar wind are consistent with Eq. (6) [82, 83, 84].
In its original form the GS95 model was proposed for energy injected isotrop-
ically with velocity amplitude uL = VA. If the turbulence is injected at velocities
uL  VA (or anisotropically with Li,‖  Li,⊥), then the turbulent cascade is weak
and `⊥ decreases while `‖ = Li stays the same [78, 85, 86, 87]. In other words, as a
result of the weak cascade the eddies become thinner, but preserve the same length
along the local magnetic field. It is possible to show that the interactions within
weak turbulence increase and transit to the regime of the strong MHD turbulence at
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Table 2 Regimes and ranges of MHD turbulence.
Type Injection Range Motion Ways
of MHD turbulence velocity of scales type of study
Weak uL <VA [Li,LiM2A] wave-like analytical
Strong
subAlfve´nic uL <VA [LiM2A, lmin] eddy-like numerical
Strong
superAlfve´nic uL >VA [lA, lmin] eddy-like numerical
Li and lmin are injection and dissipation scales, respectively
MA ≡ uL/VA.
the scale
ltrans ∼ Li(uL/VA)2 ≡ LiM2A MA < 1 (7)
and the velocity at this scale is vtrans = uLMA, with MA = uL/VA  1 beeing the
Alfve´nic Mach number of the turbulence [78, 88]. Thus, weak turbulence has a
limited, i.e. [Li,LiM2A] inertial range and at small scales it transits into the regime of
strong turbulence4.
Table 2 illustrates different regimes of MHD turbulence both when it is injected
isotropically at superAlfve´nic and subAlfve´nic velocities. Naturally, superAlfve´nic
turbulence at large scales is similar to the ordinary hydrodynamic turbulence, as
weak magnetic fields cannot strongly affect turbulent motions. However, at the scale
lA = Li(VA/uL)3 = LiM−3A MA > 1 (8)
the motions become Alfve´nic.
In this review we address the reconnection mediated by turbulence. For this the
regime of weak, i.e. wave-like, perturbations can be an important part of the dy-
namics. A description of MHD turbulence that incorporates both weak and strong
regimes was presented in [78] (henceforth LV99). In the range of length-scales
where turbulence is strong, this theory implies that
`‖ ≈ Li
(
`⊥
Li
)2/3
M−4/3A (9)
δu` ≈ uL
(
`⊥
Li
)1/3
M1/3A , (10)
when the turbulence is driven isotropically on a scale Li with an amplitude uL. These
are equations that we will use further to derive the magnetic reconnection rate.
Here we do not discuss attempts to modify GS95 theory by adding concepts
like “dynamical alignment”, “polarization”, “non-locality” [90, 91, 92, 93]. First of
4 We should stress that weak and strong are not the characteristics of the amplitude of turbulent
perturbations, but the strength of non-linear interactions (see more discussion in [89]) and small
scale Alfve´nic perturbations can correspond to a strong Alfve´nic cascade.
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all, those do not change the nature of turbulence to affect the reconnection of the
weakly turbulent magnetic field. Indeed, in LV99 the calculations were provided for
a wide range of possible models of anisotropic Alfve´nic turbulence and provided fast
reconnection. Moreover, more recent studies [94, 95, 96] support the GS95 model.
A more detailed discussion of MHD turbulence can be found in the recent review
(e.g. [97]) and in Beresnyak and Lazarian’s Chapter in this volume.
GS95 presents a model of 3D MHD turbulence that exists in our 3D world. His-
torically, due to computational reasons, many MHD related studies were done in
2D. The problem of such studies in application to magnetic turbulence is that shear
Alfve´n waves that play the dominant role for 3D MHD turbulence are entirely lack-
ing in 2D. Furthermore, all magnetized turbulence in 2D is transient, because the
dynamo mechanism required to sustain magnetic fields is lacking in 2D [98]. Thus
the relation of 2D numerical studies invoking MHD turbulence, e.g. magnetic re-
connection in 2D turbulence, and the processes in the actual 3D geometry is not
clear. A more detailed discussion of this point can be found in [58].
3 Magnetic reconnection in the presence of turbulence
3.1 Initial attempts to invoke turbulence to accelerate magnetic
reconnection
The first attempts to appeal to turbulence in order to enhance the reconnection rate
were made more than 40 years ago. For instance, some papers have concentrated on
the effects that turbulence induces on the microphysical level. In particular, Speiser
[99] showed that in collisionless plasmas the electron collision time should be re-
placed with the electron retention time in the current sheet. Also Jacobson [100]
proposed that the current diffusivity should be modified to include the diffusion of
electrons across the mean field due to small scale stochasticity. However, these ef-
fects are insufficient to produce reconnection speeds comparable to the Alfve´n speed
in most astrophysical environments.
“Hyper-resistivity” [101, 102, 103, 104] is a more subtle attempt to derive fast
reconnection from turbulence within the context of mean-field resistive MHD. The
form of the parallel electric field can be derived from magnetic helicity conservation.
Integrating by parts one obtains a term which looks like an effective resistivity pro-
portional to the magnetic helicity current. There are several assumptions implicit in
this derivation. The most important objection to this approach is that by adopting a
mean-field approximation, one is already assuming some sort of small-scale smear-
ing effect, equivalent to fast reconnection. Furthermore, the integration by parts in-
volves assuming a large scale magnetic helicity flux through the boundaries of the
exact form required to drive fast reconnection. The problems of the hyper-resistivity
approach are discussed in detail in [58].
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A more productive development was related to studies of instabilities of the re-
connection layer. Strauss [105] examined the enhancement of reconnection through
the effect of tearing mode instabilities within current sheets. However, the resulting
reconnection speed enhancement is roughly what one would expect based simply on
the broadening of the current sheets due to internal mixing5. Waelbroeck [107] con-
sidered not the tearing mode, but the resistive kink mode to accelerate reconnection.
The numerical studies of tearing have become an important avenue for more recent
reconnection research [108, 109]. As we discuss later in realistic 3D settings tearing
instability develops turbulence [110, 111]) which induces a transfer from laminar to
turbulent reconnection6.
Finally, a study of 2D magnetic reconnection in the presence of external turbu-
lence was done by [116, 117]. An enhancement of the reconnection rate was re-
ported, but the numerical setup precluded the calculation of a long term average
reconnection rate. As we discussed in §2.1 bringing in the Sweet-Parker model of
reconnection magnetic field lines closer to each other one can enhance the instanta-
neous reconnection rate, but this does not mean that averaged long term reconnec-
tion rate increases. This, combined with the absence of the theoretical predictions
of the expected reconnection rates makes it difficult to make definitive conclusions
from the study. Note that, as we discussed in §2.4, the nature of turbulence is differ-
ent in 2D and 3D. Therefore, the effects accelerating magnetic reconnection men-
tioned in the study, i.e. formation of X-points, compressions, may be relevant for
2D set ups, but not relevant for the 3D astrophysical reconnection. These effects are
not invoked in the model of the turbulent reconnection that we discuss below. We
also may note that a more recent study along the approach in [116] is one in [118],
where the effects of small scale turbulence on 2D reconnection were studied and no
significant effects of turbulence on reconnection were reported for the setup chosen
by the authors.
In a sense, the above study is the closest predecessor of LV99 work that we
deal below. However, there are very substantial differences between the approach of
LV99 and [116]. For instance, LV99, as is clear from the text below, uses an ana-
lytical approach and, unlike [116], (a) provides analytical expressions for the recon-
nection rates; (b) identifies the broadening arising from magnetic field wandering
as the mechanism for inducing fast reconnection; (c) deals with 3D turbulence and
identifies incompressible Alfve´nic motions as the driver of fast reconnection.
3.2 Model of magnetic reconnection in weakly turbulent media
As we discussed earlier, considering astrophysical reconnection in laminar envi-
ronments is not normally realistic. As a natural generalization of the Sweet-Parker
model it is appropriate to consider 3D magnetic field wandering induced by turbu-
5 In a more recent work Shibata & Tanuma [106] extended the concept suggesting that tearing may
result in fractal reconnection taking place on very small scales.
6 Also earlier works suggest such a transfer [112, 113, 114, 115].
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lence as in LV99. The corresponding model of magnetic reconnection is illustrated
by Figure 4.
∆
∆
λ
λ
xL
Sweet−Parker model
Turbulent model
blow up
Fig. 4 Upper plot: Sweet-Parker model of reconnection. The outflow is limited to a thin width
δ , which is determined by Ohmic diffusivity. The other scale is an astrophysical scale L δ .
Magnetic field lines are assumed to be laminar. Middle plot: Turbulent reconnection model that
accounts for the stochasticity of magnetic field lines. The stochasticity introduced by turbulence
is weak and the direction of the mean field is clearly defined. The outflow is limited by the dif-
fusion of magnetic field lines, which depends on macroscopic field line wandering rather than on
microscales determined by resistivity. Low plot: An individual small scale reconnection region.
The reconnection over small patches of magnetic field determines the local reconnection rate. The
global reconnection rate is substantially larger as many independent patches reconnect simulta-
neously. Conservatively, the LV99 model assumes that the small scale events happen at a slow
Sweet-Parker rate. Following [17].
Like the Sweet-Parker model, the LV99 model deals with a generic configura-
tion, which should arise naturally as magnetic flux tubes try to make their way one
through another. This avoids the problems related to the preservation of wide out-
flow which plagues attempts to explain magnetic reconnection via Petscheck-type
solutions. In this model if the outflow of reconnected flux and entrained matter is
temporarily slowed down, reconnection will also slow down, but, unlike Petscheck
solution, will not change the nature of the solution.
The major difference between the Sweet-Parker model and the LV99 model is
that while in the former the outflow is limited by microphysical Ohmic diffusivity,
in the latter model the large-scale magnetic field wandering determines the thickness
of outflow. Thus LV99 model does not depend on resistivity and, depending on the
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level of turbulence, can provide both fast and slow reconnection rates. This is a very
important property for explaining observational data related to reconnection flares.
For extremely weak turbulence, when the range of magnetic field wandering be-
comes smaller than the width of the Sweet-Parker layer LS−1/2, the reconnection
rate reduces to the Sweet-Parker rate, which is the ultimate slowest rate of recon-
nection. As a matter of fact, this slow rate holds only for Lundquist numbers less
than Sc, the critical value for tearing mode instability of the Sweet-Parker solution.
At higher Lundquist numbers, self-generated turbulence will be the inevitable out-
come of unstable breakdown of the Sweet-Parker current sheet and this will yield
the minimal reconnection rate in an otherwise quiet environment (see, in particular,
[111]).
We note that LV99 does not appeal to a chaotic field created within a hydrody-
namic weakly magnetized turbulent flow. On the contrary, the model considers the
case of a large scale, well-ordered magnetic field, of the kind that is normally used
as a starting point for discussions of reconnection. In the presence of turbulence one
expects that the field will have some small scale ‘wandering’ and this effect changes
the nature of magnetic reconnection.
Ultimately, the magnetic field lines will dissipate due to microphysical effects,
e.g. Ohmic resistivity. However, it is important to understand that in the LV99 model
only a small fraction of any magnetic field line is subject to direct Ohmic annihi-
lation. The fraction of magnetic energy that goes directly into heating the fluid ap-
proaches zero as the fluid resistivity vanishes. In addition, 3D Alfve´nic turbulence
enables many magnetic field lines to enter the reconnection zone simultaneously,
which is another difference between 2D and 3D reconnection.
3.3 Opening up of the outflow region via magnetic field wandering
To get the reconnection speed one should calculate the thickness of the outflow ∆
that is determined by the magnetic field wandering. This was done in LV99, where
the scaling relations for the wandering field lines were established.
The scaling relations for Alfve´nic turbulence discussed in §2.4 allow us to cal-
culate the rate of magnetic field spreading. A bundle of field lines confined within
a region of width y at some particular point spreads out perpendicular to the mean
magnetic field direction as one moves in either direction following the local mag-
netic field lines. The rate of field line diffusion is given by
d〈y2〉
dx
∼ 〈y
2〉
λ‖
, (11)
where λ−1‖ ≈ `−1‖ , `‖ is the parallel scale and the corresponding transversal scale,
`⊥, is ∼ 〈y2〉1/2, and x is the distance along an axis parallel to the magnetic field.
Therefore, using equation (9) one gets
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d〈y2〉
dx
∼ Li
( 〈y2〉
L2i
)2/3(uL
VA
)4/3
(12)
where we have substituted 〈y2〉1/2 for `⊥. This expression for the diffusion coef-
ficient will only apply when y is small enough for us to use the strong turbulence
scaling relations, or in other words when 〈y2〉 < L2i (uL/VA)4. Larger bundles will
diffuse at the rate of L2i (uL/VA)
4, which is the maximal rate. For 〈y2〉 small, equa-
tion (12) implies that a given field line will wander perpendicular to the mean field
line direction by an average amount
〈y2〉1/2 ≈ x
3/2
L1/2i
(
uL
VA
)2
x< Li (13)
in a distance x. The fact that the rms perpendicular displacement grows faster than
x is significant. It implies that if we consider a reconnection zone, a given magnetic
flux element that wanders out of the zone has only a small probability of wandering
back into it. We also note that y proportional to x3/2 is a consequence of the process
of Richardson diffusion that we discuss below.
When the turbulence injection scale is less than the extent of the reconnection
layer, i.e. Lx Li magnetic field wandering obeys the usual random walk scaling
with Lx/Li steps and the mean squared displacement per step equal to L2i (uL/VA)
4.
Therefore
〈y2〉1/2 ≈ (Lix)1/2(uL/VA)2 x> Li (14)
Using Eqs. (13) and (14) one can derive the thickness of the outflow ∆ (see
Figure 1) and obtain (LV99):
Vrec ≈VA min
[(
Lx
Li
)1/2
,
(
Li
Lx
)1/2]
M2A, (15)
whereVAM2A is proportional to the turbulent eddy speed. This limit on the reconnec-
tion speed is fast, both in the sense that it does not depend on the resistivity, and
in the sense that it represents a large fraction of the Alfve´n speed when Li and Lx
are not too different and MA is not too small. At the same time, Eq. (15) can lead to
rather slow reconnection velocities for extreme geometries or small turbulent veloc-
ities. This, in fact, is an advantage, as this provides a natural explanation for flares of
reconnection, i.e. processes which combine both periods of slow and fast magnetic
reconnection. The parameters in Eq. (15) can change in the process of magnetic re-
connection, as the energy injected by the reconnection will produce changes in MA
and Li. In fact, we claim that in the process of magnetic reconnection and the energy
injection that this entails for magnetically dominated plasmas, one can expect both
Li→ Lx and MA→ 1, which will induce efficient reconnection with Vrec ∼VA.
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3.4 Richardson diffusion and LV99 model
It is well known that at scales larger than the turbulence injection scale the fluid
exhibits diffusive properties. At the same time, at scales less than the turbulence
injection scale the properties of diffusion are different. Since the velocity difference
increases with separation, one expects that accelerated diffusion, or super diffusion
should take place. This process was first described by Richardson for hydrodynamic
turbulence. A similar effect is present for MHD turbulence (see [119] and references
therein).
Richardson diffusion can be illustrated with a simple model. Consider the growth
of the separation between two particles dl(t)/dt ∼ v(l), which for Kolmogorov
turbulence is ∼ αt l1/3, where αt is proportional to the energy cascading rate, i.e.
αt ≈V 3L /L for turbulence injected with superAlve´nic velocity VL at the scale L. The
solution of this equation is
l(t) = [l2/30 +αt(t− t0)]3/2, (16)
which at late times leads to Richardson diffusion or l2 ∼ t3 compared with l2 ∼ t for
ordinary diffusion.
Richardson diffusion provides explosive separation of magnetic field lines. It is
clear from Eq. (16) that the separation of magnetic field lines does not depend on
the initial separation l0 after sufficiently long intervals of time t. Potentially, one can
make l0 very small, but, realistically, l0 should not be smaller than the scale of the
marginally damped eddies ldamp, as the derivation of the Richardson diffusion as-
sumes the existence of inertial-range turbulence at the scales under study. At scales
less than ldamp diffusion is determined by the shearing by the marginally damped
eddies. This is known to result in Lagrangian chaos and Lyapunov exponential sep-
aration of the points. Separation at long times in this regime does depend on the
initial separation of points. In other words, in realistic turbulence up to the scale of
ldamp the distance between the points preserves the memory of the initial separation
of points, while at scales larger than ldamp this dependence is washed out.
Richardson diffusion is important in terms of spreading magnetic fields. In fact,
the magnetic field line spread as a function of the distance measured along magnetic
field lines, which we discussed in the previous subsection, is also a manifestation of
Richardson diffusion, but in space rather than in time. Below, we, however, use the
time dependence of Richardson diffusion to re-derive the LV99 results.
Sweet-Parker reconnection can serve again as our guide. There we deal with
Ohmic diffusion. The latter induces the mean-square distance across the reconnec-
tion layer that a magnetic field-line can diffuse by resistivity in a time t given by
〈y2(t)〉 ∼ λ t. (17)
where λ = c2/4piσ is the magnetic diffusivity. The field lines are advected out of
the sides of the reconnection layer of length Lx at a velocity of order VA. Therefore,
the time that the lines can spend in the resistive layer is the Alfve´n crossing time
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tA = Lx/VA. Thus, field lines that can reconnect are separated by a distance
∆ =
√
〈y2(tA)〉 ∼
√
λ tA = Lx/
√
S, (18)
where S is Lundquist number. Combining Eqs. (2) and (18) one gets again the well-
known Sweet-Parker result, vrec =VA/
√
S.
Below, following [58] (henceforth ELV11) we provide a different derivation
of the reconnection rate within the LV99 model. We make use of the fact that
in Richardson diffusion [120] the mean squared separation of particles 〈|x1(t)−
x2(t)|2〉 ≈ εt3, where t is time, ε is the energy cascading rate and 〈...〉 denote an en-
semble averaging. For subAlfve´nic turbulence ε ≈ u4L/(VALi) (see LV99) and there-
fore analogously to Eq. (18) one can write
∆ ≈
√
εt3A ≈ L(L/Li)1/2M2A (19)
where it is assumed that L< Li. Combining Eqs. (2) and (19) one gets
vrec,LV99 ≈VA(L/Li)1/2M2A. (20)
in the limit of L < Li. Similar considerations allow to recover the LV99 expression
for L > Li, which differs from Eq. (20) by the change of the power 1/2 to −1/2.
These results coincide with those given by Eq. (15).
3.5 Role of plasma effects for magnetic reconnection
In the LV99 model the outflow is determined by turbulent motions that are deter-
mined by the motions on the small scales. The small scale physics in this situation
gets irrelevant if the level of turbulence is fixed. Following [58] it is possible to de-
fine the criterion for the Hall effect to be important within the LV99 reconnection
model.
Using the GS95 model one can estimate the pointwise ratio of the Hall electric
field to the MHD motional field as
J/en
uL
' cδB(`
⊥
η )/4pine`⊥η
uL
' δi
Li
MAS
1/2
L (21)
where SL = VALi/λ is the Lundquist number based on the forcing length-scale of
the turbulence and MA = uL/VA is the Alfve´nic Mach number, `⊥η is the resistive
cutoff length, J current density, and n electron density. This can be expressed as a
ratio (J/en)/uL ' δi/δT of ion skin depth to the turbulent Taylor scale
δT = LiM−1A S
−1/2
L , (22)
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which can be interpreted heuristically as the current sheet thickness of small-scale
Sweet-Parker reconnection layers. If the magnetic diffusivity in the definition of
the Lundquist number is assumed to be that based on the Spitzer resistivity, given
by λ = δ 2e vth,e/`ei where δe is the electron skin depth, vth,e is the electron thermal
velocity, and `ei is the electron mean-free-path length for collisions with ions, then
SL =
(
me
mi
)1/2
β−1/2
(
`ei
δe
)2( Li
`ei
)
, with β = v2th,i/V
2
A the plasma beta. Substituting
into (21) provides
δi
δSP
'
(
mi
me
)1/4
(vth,i/u∗)β 1/4
(
`ei
Li
)1/2
, (23)
which coincides precisely with the ratio defined by [121] (see their Eq. (6)), who
proposed a ratio δi/δSP> 1 as the applicability criterion for Hall reconnection rather
than Sweet-Parker. However, satisfaction of this criterion does not imply that the
LV99 model is inapplicable! Eq. (23) states only that small scale reconnection oc-
curs via collisionless effects and the structure of local, small-scale reconnection
events should be strongly modified by Hall or other collisionless effects, possibly
with an X-type structure, an ion layer thickness ∼ δi, quadrupolar magnetic fields,
etc. However, these local effects do not alter the resulting reconnection velocity. See
[58], Appendix B, for a more detailed discussion.
The LV99 model assumes that the thickness ∆ of the reconnection layer is set
by turbulent MHD dynamics (line-wandering and Richardson diffusion). Thus, self-
consistency requires that the length-scale ∆ must be within the range of scales where
shear-Alfve´n modes are correctly described by incompressible MHD. This implies
a criterion for collisionless reconnection in the presence of turbulence
ρi ≥ ∆ (24)
with ∆ calculated from Eq. (19) and ρi the ion cyclotron radius. Since ∆ ∝ Lx, the
large length-scale of the reconnecting flux structures, this criterion is far from being
satisfied in most astrophysical settings. For example, in the three cases of Table 1,
one finds using ∆ = LM2A that ρi/∆ ' 10−13 for the warm ISM, ' 10−6 for post-
CME sheets, and ' .1 for the magnetosphere. In the latter case the criterion (24)
implies that the effect of collisonless plasmas are important. This is not a typical
situation, however. To what extent turbulence below the Larmor radius should be
accounted for is an interesting open issue that we address only very briefly in §5.
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4 Numerical testing of theory predictions
4.1 Approach to numerical testing
Numerical studies have proven to be a very powerful tool of the modern astro-
physical research. However, one must admit their limits. The dimensionless ratios
that determine the importance of Ohmic resistivity are the Lundquist and magnetic
Reynolds numbers. The difference between the two numbers is not big and they are
usually of the same order. Indeed, the magnetic Reynolds number, which is the ra-
tio of the magnetic field decay time to the eddy turnover time, is defined using the
injection velocity vl as a characteristic speed instead of the Alfve´n speed VA, as in
the Lundquist number. Therefore for the sake of simplicity we shall be talking only
about the Lundquist number.
As we discussed in §2.1 because of the very large astrophysical length-scales Lx
involved, astrophysical Lundquist numbers are huge, e.g. for the ISM they are about
1016, while present-day MHD simulations correspond to S< 104. As the numerical
resource requirements scale as N4, where N is the ratio between the maximum and
minimum scales resolved in a computational model, it is feasible neither at present
nor in the foreseeable future to have simulations with realistically large Lundquist
numbers. In this situation, numerical results involving magnetic reconnection cannot
be directly related to astrophysical situation and a brute force approach is fruitless.
Fortunately, numerical approach is still useful for testing theories and the LV99
theory presents clear predictions to be tested for the moderate Lundquist numbers
available with present-day computational facilities. Below we present the results of
theory testing using this approach.
4.2 Numerical simulations
To simulate reconnection a code that uses a higher-order shock-capturing Godunov-
type scheme based on the essentially non oscillatory (ENO) spatial reconstruction
and Runge-Kutta (RK) time integration was used to solve isothermal non-ideal
MHD equations. For selected simulations plasma effects were simulated using ac-
cepted procedures [23].
The driving of turbulence was performed using wavelets in [23] and in real space
in [122]. In both cases the driving was supposed to simulate pre-existing turbulence.
The visualization of simulations is provided in Figure 5.
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Fig. 5 Visualization of reconnection simulations in [23, 122]. Left panel: Magnetic field in the re-
connection region. Large perturbations of magnetic field lines arise from reconnection rather than
driving; the latter is subAlfve´nic. The color corresponds to the polarization of magnetic component
Bx. Central panel: Current intensity and magnetic field configuration during stochastic reconnec-
tion. We show a slice through the middle of the computational box in the xy plane after twelve
dynamical times for a typical run. The guide field is perpendicular to the page. The intensity and
direction of the magnetic field is represented by the length and direction of the arrows. The color
bar gives the intensity of the current. The reversal in Bx is confined to the vicinity of y=0 but the
current sheet is strongly disordered with features that extend far from the zone of reversal. Right
panel: Representation of the magnetic field in the reconnection zone with textures.
4.3 Dependence on resistivity, turbulence injection power and
turbulence scale
As we show below, simulations in [23, 122] provided very good correspondence to
the LV99 analytical predictions for the dependence on resistivity, i.e. no dependence
on resistivity for sufficiently strong turbulence driving, and the injection power, i.e.
Vrec ∼ P1/2in j . The corresponding dependence is shown in Figure 6.
The measured dependence on the turbulence scale was a bit more shallow com-
pared to the LV99 predictions (see Figure 7). This may be due to the existence of
an inverse cascade that changes the driving from the idealized assumptions in LV99
theory.
4.4 Dependence on guide field strength, anomalous resistivity and
viscosity
The simulations did not reveal any dependence on the strength of the guide field
Bz (see Figure 6). This raises an interesting question. In the limit where the parallel
wavelength of the strong turbulent eddies is less than the length of the current sheet,
we can rewrite the reconnection speed as
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Fig. 6 The dependence of the reconnection velocity on the injection power for different simula-
tions with different drivings. The predicted LV99 dependence is also shown. Pin j and kin j are the
injection power and scale, respectively, Bz is the guide field strength, and ηu the value of unifor
resistivity coefficient. From [122].
Vrec ≈
(
PLx
VAx
)1/2 1
k‖VA
. (25)
Here P is the power in the strong turbulent cascade, Lx and VAx are the length scale
and Alfve´n velocity in the direction of the reconnecting field, and VA is the total
Alfve´n velocity, including the guide field. The parallel wavenumber, k‖, is character-
istic of the large scale strongly turbulent eddies. We have assumed that such eddies
are smaller than the size of the current sheet. The point of rewriting the reconnec-
tion speed in this way is that it is insensitive to assumptions about the connection
between the input power and driving scale and the parameters of the strongly turbu-
lent cascade.
In a physically realistic situation, the dynamics that drive the turbulence, what-
ever they are, provide a characteristic frequency and input power. Since the guide
field enters only in the combination k‖VA, i.e. through the eddy turn over rate, this
implies that varying the guide field will not change the reconnection speed. How-
ever, in the numerical simulations cited above the driving forces are independent of
time scale, and sensitive to length scale, so getting the physically realistic scaling
is unexpected. Further complicating matters, we note that the dependence on length
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Fig. 7 The dependence of the reconnection velocity on the injection scale. From [122].
scale, described in the previous section, is roughly what we expect if k‖ is given by
the forcing wavenumber.
This is the only clear discrepancy between the simulations and our predictions.
It is clearly important to understand its nature. One possibility is that the transfer of
energy from the weak turbulence driven by isotropic forcing to the strongly turbulent
eddies does not proceed in the expected manner. This may be due to the effect of the
strong magnetic shear when a guide field is present. Alternatively, the periodicity of
the box, or the possibility that some wave modes may leave the computational box
faster than the nonlinear decay rate, may skew the weakly turbulent spectrum. The
latter possibilities can be tested by simulating strong turbulence and comparing the
results with equation (25). The former will require a more detailed theoretical and
computational study of the nature of the strong turbulence in the presence of strong
magnetic shear.
The left panel of Figure 8 shows the dependence of the reconnection rate on
viscosity. This can be explained as the effect of the finite inertial range of turbulence.
For an extended range of motions, LV99 does not predict any viscosity dependence.
However, for numerical simulations the range of turbulent motions is very limited
and any additional viscosity decreases the resulting velocity dispersion and therefore
the field wandering.
LV99 predicted that in the presence of sufficiently strong turbulence, plasma ef-
fects should not play a role. The accepted way to simulate plasma effects within
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Fig. 8 Left panel. The dependence of the reconnection velocity on viscosity. From [122]. Right
panel. The dependence of reconnection velocity on anomalous resistivity. From [23].
MHD code is to use anomalous resistivity. The results of the corresponding simu-
lations are shown in the right panel of Figure 8 and they confirm that the change of
the anomalous resistivity does not change the reconnection rate.
4.5 Structure of the reconnection region
The internal structure of the reconnection region is important, both for the role it
plays in determining the overall reconnection speed, and for what it tells us about
the nature of local electric currents. We can imagine two extreme pictures. First,
the magnetic shear might be concentrated in a narrow, albeit highly distorted sheet,
whose width is determined by microphysics. In this case the outflow region would be
much broader than the current sheet and particle acceleration would take place in a
nearly two dimensional, and highly singular, region. The electric field in the current
sheet would be very large, much larger than one would be able to simulate directly.
At the other extreme, the current sheet and the outflow zone may roughly coincide.
In this case the current sheet is broad and the currents are distributed widely within
a three dimensional volume. The electric fields would be roughly similar to what
we expect in homogeneous turbulence. In the former case the turbulence within
the current sheet is difficult to estimate. In the latter case, it would be similar to
the turbulence within a statistically homogeneous volume, of the sort that we can
simulate. This would imply that the basic derivation of reconnection speeds in LV99
is valid and particle acceleration takes place in a broad volume. While both of these
models are caricatures, they give a good sense of the basic issues at stake.
The structure of the reconnection region was analyzed by Vishniac et al. [123]
based on the numerical work by Kowal et al. [23]. While this paper only examined
simulations with relatively large forcing, the results seem to favour the latter pic-
ture, in which the reconnection region is broad, the magnetic shear is more or less
coincident with the outflow zone, and the turbulence within it is broadly similar to
turbulence in a homogeneous system. In particular, this analysis showed that peaks
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in the current were distributed throughout the reconnection zone, and that the width
of these peaks were not a strong function of their strength. The single best illustra-
tion of the results is shown in Figure 9 which shows histograms of magnetic field
gradients in the simulations with strong and moderate driving power, with no mag-
netic field reversal but with driven turbulence, and with no driven turbulence at all,
but a passive magnetic field reversal (i.e. Sweet-Parker reconnection). A few fea-
tures stand out in this figure. First, all the simulations with driven turbulence have
a roughly gaussian distribution of magnetic field gradients. In the case with no field
reversal (panel c) the peak is narrow and symmetric around zero. In the presence of
a large scale field reversal the peak is slightly broadened, and skewed. (The simula-
tion without reconnection was run at a lower resolution, so the total number of cells
is smaller by a factor of 8.) Finally, the last panel shows a very spiky distribution of
points to the right of the origin. The spikiness is an artifact of the numerical grid.
In the absence of turbulence the same values tend to repeat. That occupied bins are
all for positive magnetic field gradients is a trivial consequence of the background
solution and the laminar nature of Sweet-Parker reconnection.
It is striking that turbulent reconnection does not produce any strong feature cor-
responding to a preferred value of the magnetic field gradient. Instead one sees a
systematic bias towards large positive values. We conclude from the lack of co-
herent features within the outflow zone, and the broad distribution of values of the
gradient of the magnetic field, that the second picture is best. The current sheet
and the outflow zone are roughly coincident and this volume is filled with turbulent
structures.
One weakness of this analysis is that it has been tested only for relatively strong
magnetic turbulence. Although the driven turbulence in these simulations was sub-
alfvenic, they were not very weak. We can expect that the skew in figure 9 will
become stronger at as the turbulent velocities are turned down. At some point the
mean gradient should begin to affect the turbulent spectrum.
4.6 Testing of magnetic Richardson diffusion
As we discussed, the LV99 model is intrinsically related to the concept of Richard-
son diffusion in magnetized fluids. Thus by testing the Richardson diffusion of mag-
netic field, one also provides tests for the theory of turbulent reconnection.
The first numerical tests of Richardson diffusion were related to magnetic field
wandering predicted in LV99 [124, 17, 125]. In Figure 10 we show the results ob-
tained in [17]. There we clearly see different regimes of magnetic field diffusion,
including the y∼ x3/2 regime. This is a manifestation of the spatial Richardson dif-
fusion.
A direct testing of the temporal Richardson diffusion of magnetic field-lines was
performed recently in [126]. For this experiment, stochastic fluid trajectories had to
be tracked backward in time from a fixed point in order to determine which field
lines at earlier times would arrive to that point and be resistively “glued together”.
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Fig. 9 These figures show histograms of the gradient of the reversing component of the large scale
magnetic field in the direction normal to the unperturbed current sheet, i.e. ∂yBx. Upper left panel
is for the highest power simulation, P=1. Upper right panel is for P=0.5. Lower left is for P=1 but
with no large scale magnetic field reversal, i.e. simply locally driven strong turbulence. Bins with
twice the number of cells as the corresponding bin with the opposite sign of ∂yBx are shown in
green. Lower right shows the first simulation in the absence of turbulent forcing. From [123].
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Fig. 10 Left panel. Stochastic trajectories that arrive at a fixed point in the archived MHD flow,
color-coded red, green, and blue from earlier to later times. From [126]. Right panel. Mean-square
dispersion of field-lines backwards in time, with red for direction parallel and blue for direction
perpendicular to the local magnetic field. From [126].
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Hence, many time frames of an MHD simulation were stored so that equations for
the trajectories could be integrated backward. The results of this study are illus-
trated in Figure 10. The left panel shows the trajectories of the arriving magnetic
field-lines, which are clearly widely dispersed backward in time, more resembling
a spreading plume of smoke than a single “frozen-in” line. Quantitative results are
presented in the right panel, which plots the root-mean-square line dispersion in
directions both parallel and perpendicular to the local mean magnetic field. Times
are in units of the resistive time 1/ jrms determined by the rms current value and
distances in units of the resistive length λ/ jrms. The dashed line shows the standard
diffusive estimate 4λ t, while the solid line shows the Richardson-type power-law
t8/3. Note that this simulation exhibited a k−3/2 energy spectrum (or Ho¨lder expo-
nent 1/4) for the velocity and magnetic fields, similar to other MHD simulations at
comparable Reynolds numbers, and the self-consistent Richardson scaling is with
exponent 8/3 rather 3. Although a t8/3 power-law holds both parallel and perpendic-
ular to the local field direction, the prefactor is greater in the parallel direction, due
to backreaction of the magnetic field on the flow via the Lorentz force. The implica-
tion of these results is that standard diffusive motion of field-lines holds for only a
very short time, of order of the resistive time, and is then replaced by super-diffusive,
explosive separation by turbulent relative advection. This same effect should occur
not only in resistive MHD but whenever there is a long power-law turbulent iner-
tial range. Whatever plasma mechanism of line-slippage holds at scales below the
ion gyroradius— electron inertia, pressure anisotropy, etc.—will be accelerated and
effectively replaced by the ideal MHD effect of Richardson dispersion.
5 Observational consequences and tests
Historically, studies of reconnection were motivated by observations of Solar flares.
There we deal with the collisionless turbulent plasmas and it is important to establish
whether plasma microphysics or LV99 turbulent dynamics determine the observed
solar reconnection.
Qualitatively, one can argue that there is observational evidence in favor of the
LV99 model. For instance, observations of the thick reconnection current outflow
regions observed in the Solar flares [127] were predicted within LV99 model at
the time when the competing plasma Hall term models were predicting X-point
localized reconnection. However, as plasma models have evolved to include tearing
and formation of magnetic islands (see [128]) it is necessary to get to a quantitative
level to compare the predictions from the competing theories and observations.
To be quantitative one should relate the idealized model LV99 turbulence driv-
ing to the turbulence driving within solar flares. In LV99 the turbulence driving was
assumed isotropic and homogeneous at a distinct length scale Lin j. A general dif-
ficulty with observational studies of turbulent reconnection is the determination of
Lin j. One possible approach is based on the the relation ε ' u4L/VALin j for the weak
turbulence energy cascade rate. The mean energy dissipation rate ε is a source of
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plasma heating, which can be estimated from observations of electromagnetic radi-
ation (see more in ELV11). However, when the energy is injected from reconnection
itself, the cascade is strong and anisotropic from the very beginning. If the driving
velocities are sub-Alfve´nic, turbulence in such a driving is undergoing a transition
from weak to strong at the scale LM2A (see §3.4). The scale of the transition cor-
responds to the velocity M2AVA. If turbulence is driven by magnetic reconnection,
one can expect substantial changes of the magnetic field direction corresponding to
strong turbulence. Thus it is natural to identify the velocities measured during the
reconnection events with the strong MHD turbulence regime. In other words, one
can use:
Vrec ≈Uobs,turb(Lin j/Lx)1/2, (26)
whereUobs,turb is the spectroscopically measured turbulent velocity dispersion. Sim-
ilarly, the thickness of the reconnection layer should be defined as
∆ ≈ Lx(Uobs,turb/VA)(Lin j/Lx)1/2. (27)
Naturally, this is just a different way of presenting LV99 expressions, but tak-
ing into account that the driving arises from reconnection and therefore turbulence
is strong from the very beginning (see more in [126]. The expressions given by
Eqs. (26) and (27) can be compared with observations in ([127]). There, the widths
of the reconnection regions were reported in the range from 0.08Lx up to 0.16Lx
while the the observed Doppler velocities in the units ofVA were of the order of 0.1.
It is easy to see that these values are in a good agreement with the predictions given
by Eq. (27). We note, that if we associate the observed velocities with isotropic
driving of turbulence, which is unrealistic for the present situation, then a discrep-
ancy with Eq. (27) would appear. Because of that [127] did not get quite as good
quantitative agreement between observations and theory as we did, but still within
observational uncertainties. In [129], authors explaining quasi-periodic pulsations
in observed flaring energy releases at an active region above the sunspot, proposed
that the wave packets arising from the sunspots can trigger such pulsations. This is
exactly what is expected within the LV99 model.
As we discussed in §3.5 the criterion for the application of LV99 theory is that the
outflow region is much larger than the ion Larmor radius ∆  ρi. This is definitely
satisfied for the solar atmosphere where the ratio of ∆ to ρi can be larger than 106.
Plasma effects can play a role for small scale reconnection events within the layer,
since the dissipation length based on Spitzer resistivity is ∼ 1 cm, whereas ρi ∼ 103
cm (Table 1). However, as we discussed earlier, this does not change the overall
dynamics of turbulent reconnection.
Reconnection throughout most of the heliosphere appears similar to that in the
Sun. For example, there are now extensive observations of reconnection jets (out-
flows, exhausts) and strong current sheets in the solar wind [130]. The most intense
current sheets observed in the solar wind are very often not observed to be asso-
ciated with strong (Alfve´nic) outflows and have widths at most a few tens of the
proton inertial length δi or proton gyroradius ρi (whichever is larger). Small-scale
current sheets of this sort that do exhibit observable reconnection have exhausts with
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widths at most a few hundreds of ion inertial lengths and frequently have small shear
angles (strong guide fields) [131, 132]. Such small-scale reconnection in the solar
wind requires collisionless physics for its description, but the observations are ex-
actly what would be expected of small-scale reconnection in MHD turbulence of a
collisionless plasma [133]. Indeed, LV99 predicted that the small-scale reconnection
in MHD turbulence should be similar to large-scale reconnection, but with nearly
parallel magnetic field lines and with “outflows” of the same order as the local,
shear-Alfve´nic turbulent eddy motions. It is worth emphasizing that reconnection
in the sense of flux-freezing violation and disconnection of plasma and magnetic
fields is required at every point in a turbulent flow, not only near the most intense
current sheets. Otherwise fluid motions would be halted by the turbulent tangling
of frozen-in magnetic field lines. However, except at sporadic strong current sheets,
this ubiquitous small-scale turbulent reconnection has none of the observable char-
acteristics usually attributed to reconnection, e.g. exhausts stronger than background
velocities, and would be overlooked in observational studies which focus on such
features alone.
However, there is also a prevalence of very large-scale reconnection events in the
solar wind, quite often associated with interplanetary coronal mass ejections and
magnetic clouds or occasionally magnetic disconnection events at the heliospheric
current sheet [134, 130]. These events have reconnection outflows with widths up to
nearly 105 of the ion inertial length and appear to be in a prolonged, quasi-stationary
regime with reconnection lasting for several hours. Such large-scale reconnection is
as predicted by the LV99 theory when very large flux-structures with oppositely-
directed components of magnetic field impinge upon each other in the turbulent
environment of the solar wind. The “current sheet” producing such large-scale re-
connection in the LV99 theory contains itself many ion-scale, intense current sheets
embedded in a diffuse turbulent background of weaker (but still substantial) cur-
rent. Observational efforts addressed to proving/disproving the LV99 theory should
note that it is this broad zone of more diffuse current, not the sporadic strong sheets,
which is responsible for large-scale turbulent reconnection. Note that the study [126]
showed that standard magnetic flux-freezing is violated at general points in turbu-
lent MHD, not just at the most intense, sparsely distributed sheets. Thus, large-scale
reconnection in the solar wind is a very promising area for LV99. The situation for
LV99 generally gets better with increasing distance from the sun, because of the
great increase in scales. For example, reconnecting flux structures in the inner he-
liosheath could have sizes up to∼100 AU, much larger than the ion cyclotron radius
∼ 103 km [135].
The magnetosphere is another example that is under active investigation by the
reconnection community. The situation there is different, as ∆ ∼ ρi is the general
rule and we expect plasma effects to be dominant. Turbulence of whistler waves, e.g.
electron MHD (EMHD) turbulence may play its role, however. For instance, [136]
reported a magnetotail event in which they claim that turbulent electromotive force
is responsible for reconnection. The turbulence at those scales is not MHD. We may
speculate that the LV99 can be generalized for the case of EMHD and apply to such
events. This should be the issue of further studies.
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It may be worth noting that the possibility of in-situ measurements of magneto-
spheric reconnection make it a very attractive subject for the reconnection commu-
nity. Upcoming missions like the Magnetospheric Multiscale Mission (MMS), set to
launch in 2014, will provide detailed observations of reconnection diffusion regions,
energetic particle acceleration, and micro-turbulence in the magnetospheric plasma.
In addition to the exciting prospect of better understanding of the near-Earth space
environment, the hope has been expressed that this mission will provide insight into
magnetic reconnection in a very wide variety of astrophysical and terrestial plasmas.
We believe that magnetospheric observations may indeed shed light on magnetic
reconnection in man-made settings such as fusion machines (tokamaks or sphero-
maks) and laboratory reconnection experiments, which also involve collisionless
plasmas and overall small length scales. However, magnetospheric reconnection is
a rather special, non-generic case in astrophysics, with ∆ of the order or less than ρi,
while the larger scales involved in most astrophysical processes imply that ∆  ρi.
We claim that this is the domain where turbulence and the broadening of ∆ that it
entails must be accounted for. Thus, magnetospheric reconnection, in the opinion
of the present reviewers, is a special case which will provide insight mainly into
micro-scale aspects of reconnection, which are of more limited interest in general
astrophysical environments. Reconnection elsewhere in the solar system, including
the sun, its atmosphere, and the larger heliosphere (solar wind, heliosheath, etc.) are
better natural laboratories for observational study of generic astrophysical recon-
nection in both collisionless and collisional environments.
6 Extending LV99 theory
6.1 Reconnection in partially ionized gas
Turbulence in the partially ionized gas is different from that in fully ionized plasmas.
One of the critical differences arises from the viscosity caused by neutrals atoms.
This results in the media viscosity being substantially larger than the media resis-
tivity. The ratio of the former to the latter is called the Prandtl number and in what
follows we consider high Prandtl number turbulence. In reality, MHD turbulence in
the partially ionized gas is more complicated as decoupling of ions and neutrals and
other complicated effects occur at sufficiently small scale. The discussion of these
regimes is given in [17]. However, for the purposes of reconnection, we believe that
a simplified discussion below is adequate, as follows from the fact that we discussed
earlier, namely, that the LV99 reconnection is determined by the dynamics of large
scales of turbulent motions.
The high Prandtl number turbulence was studied numerically in [81, 89, 65] and
theoretically in [17]. What is important for our present discussion is that for scales
larger than the viscous damping scale the turbulence follows the usual GS95 scal-
ing, while it develops a shallow power law magnetic tail and steep velocity spectrum
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below the viscous damping scale `⊥,crit . The existence of the GS95 scaling at suf-
ficiently large scales means that our considerations about Richardson diffusion and
magnetic reconnection that accompany it should be valid at these scales. Thus, our
goal is to establish the scale of current sheets starting from where the Richardson
diffusion will induce the accelerated separation of magnetic field lines.
In high Prandtl number media the GS95-type turbulent motions decay at the scale
l⊥,crit , which is much larger than the scale at which Ohmic dissipation becomes
important. Thus over a range of scales less than l⊥,crit to some much smaller scale
magnetic field lines preserve their identity. These magnetic field lines are being
affected by the shear on the scale l⊥,crit , which induces a new regime of turbulence
described in [81] and [17].
To establish the range of scales at which magnetic fields perform Richardson dif-
fusion one can observe that the transition to the Richardson diffusion is expected
to happen when field lines get separated by the perpendicular scale of the criti-
cally damped eddies l⊥,crit . The separation in the perpendicular direction starts with
the scale rinit following the Lyapunov exponential growth with the distance l mea-
sured along the magnetic field lines, i.e. rinit exp(l/l‖,crit), where l‖,crit corresponds
to critically damped eddies with l⊥,crit . It seems natural to associate rinit with the
separation of the field lines arising from the action of Ohmic resistivity on the scale
of the critically damped eddies
r2init = η l‖,crit/VA, (28)
where η is the Ohmic resistivity coefficient.
The problem of magnetic line separation in turbulent fluids was considered for
chaotic separation in smooth, laminar flows by Rechester & Rosenbluth [137] and
for superdiffusive separation in turbulent plasmas by Lazarian [88]. Following the
logic in the paper and taking into account that the largest shear arises from the crit-
ically damped eddies, it is possible to determine the distance to be covered along
magnetic field lines before the lines separate by the distance larger than the perpen-
dicular scale of viscously damped eddies is equal to
LRR ≈ l‖,crit ln(l⊥,crit/rinit) (29)
Taking into account Eq. (28) and that
l2⊥,crit = ν l‖,crit/VA, (30)
where ν is the viscosity coefficient. Thus Eq. (29) can be rewritten
LRR ≈ l‖,crit lnPt (31)
where Pt = ν/η is the Prandtl number.
If the current sheets are much longer than LRR, then magnetic field lines un-
dergo Richardson diffusion and according to [58] the reconnection follows the laws
established in LV99. In other words, on scales significantly larger than the viscous
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damping scale LV99 reconnection is applicable. At the same time on scales less than
LRR magnetic reconnection may be slow7. This small scale reconnection regime re-
quires further studies. For instance, results of laminar reconnection in the partially
ionized gas obtained analytically in [138] and studied numerically by [139] can
be applicable. This approach has been recently used by [140] to explain chromo-
spheric reconnection that takes place in weakly ionized plasmas. In this review we,
however, are interested at reconnection at large scales and therefore do not dwell on
small scale phenomena.
For the detailed structure of the reconnection region in the partially ionized gas
the study in [17] is relevant. There the magnetic turbulence below the scale of the
viscous dissipation is accounted for. However, those magnetic structures on the
small scales cannot change the overall reconnection velocities.
6.2 Development of turbulence due to magnetic reconnection
Astrophysical fluids are generically turbulent. However, even if the initial magnetic
field configuration is laminar, magnetic reconnection ought to induce turbulence due
to the outflow (LV99, [141]). This effect was confirmed by observing the develop-
ment of turbulence both in recent 3D Particle in Cell (PIC) simulations ([110]) and
3D MHD simulations ([111, 142]).
Earlier on, the development of chaotic structures due to tearing was reported in
[108] as well as in subsequent publications (see [109]). However, we should stress
that there is a significant difference between turbulence development in 2D and 3D
simulations. As we discussed in §3.2 the very nature of turbulence is different in
2D and 3D. In addition, the effect of the outflow is very different in simulations
with different dimentionality. For instance, in 2D the development of the Kelvin-
Hemholtz instability is suppressed by the field that is inevitably directed parallel to
the outflow. On the contrary, the outflow can induce this instability in the generic 3D
configuration. In general, we do expect realistic 3D systems to be more unstable and
therefore prone to development of turbulence. This corresponds well to the results
of 3D simulations that we refer to.
Beresnyak [111] studied the properties of reconnection-driven turbulence and
found its correspondence to those expected for MHD turbulence (see §3.2). The
difference with isotropically driven turbulence is that magnetic energy is observed
to be dominant compared with kinetic energy. The periodic boundary conditions
adopted in [111] limits the time span over which magnetic reconnection can be
studied and therefore the simulations focus on the process of establishing reconnec-
tion. Nevertheless, as the simulations reveal a nice turbulence power law behavior,
one can apply the approach of turbulent reconnection and closely connected to it,
Richardson diffusion (see §3.4).
7 Incidentally, this can explain the formation of density fluctuations on scales of thousands of
Astronomical Units, that are observed in the ISM.
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Beresnyak (2013, private communication) used LV99 approach and obtained ex-
pressions describing the evolution of the reconnection layer in the transient regime
of turbulence development that he observes. Below we provide our theoretical ac-
count of the results in [111] using our understanding of turbulent reconnection also
based on LV99 theory. However, we get expressions which differ from those by
Beresnyak.
The logic of our derivation is really simple. As the magnetic fluxes get into con-
tact the width of the reconnection layer ∆ is growing. The rate at which this happens
is limited by the mixing rate induced by the eddies at the scale ∆ , i.e.
1
∆
d∆
dt
≈ gV∆
∆
(32)
with a factor g which takes into account possible inefficiency in the diffusion
process. As V∆ is a part of the turbulent cascade, i.e. the mean value of V 2∆ ≈∫
Φ(k1)dk1, where
Φ =Ckε2/3k
−5/3
1 , (33)
andCk is a Kolmogorov constant, which for ordinary MHD turbulence is calculated
in [96], but in our special case may be different. If the energy dissipation rate ε
were time-independent, then the layer width would be implied by Eqs. (32) and (33)
to grow according to Richardson’s law ∆ 2 ∼ εt3. However, in the transient regime
considered, energy dissipation rate is evolving. If the y-component of the magnetic
field is reconnecting and the cascade is strong, then the mean value of the dissipation
rate ε is
ε ≈ βV 2Ay/(∆/V∆ ), (34)
where β is another coefficient measuring the efficiency of conversion of mean mag-
netic energy into turbulent fluctuations. This coefficient can be obtained from nu-
merical simulations.
The ability of the cascade to be strong from the very beginning follows from the
large perturbations of the magnetic fields by magnetic reconnection, while magnetic
energy can still dominate the kinetic energy. The latter factor that can be experi-
mentally measured is given by a parameter rA. With this factor and making use of
Eqs.(33) and (34), the expression for V∆ can be rewritten in the following way:
V∆ ≈CkrA(V 2AyV∆β )2/3 (35)
where the dependences on k1 ∼ 1/∆ cancel out.
This provides the expression for the turbulent velocity at the injection scale V∆
V∆ ≈ (CKrA)3/4VAyβ 1/2 (36)
as a function of the experimentally measurable parameters of the system. Thus the
growth of the turbulent reconnection zone is according to Eq.(32)
d∆
dt
≈ gβ 1/2(CKrA)3/4VAy (37)
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which predicts the nearly constant growth of the outflow region as seen in Fig.3 in
[111].
Using the values of the numerical constants provided to us by Beresnayk we get
a fair correspondence with the results of simulations in [111]. However, we feel that
further testings are necessary.
As the reconnection gets into the steady state regime, one expects the outflow
to play an important role and therefore the reconnection rate gets modified. This
regime cannot be studied in periodic box simulations like those in [111] as they
require studies for more than one Alfven crossing time. Studies with open boundary
conditions are illustrated by Figure 11 from our new study.
The equations for the reconnection rate were obtained in LV99 for the isotropic
injection of energy. For the case of anisotropic energy injection of turbulence we
should apply the approach in § 5. Using Eq. (27) and identifying V∆ with the total
velocity dispersion, which is similar to the use of Uobs,turb in Eq. (26) one can get
Vrec ≈V∆ (∆/Lx)1/2 (38)
where the mass conservation condition provides the relation VrecLx ≈ VAy∆ . Using
the latter condition one gets
Vrec ≈VAy(CKrA)3/2β (39)
which somewhat slower than the rate at which the reconnection layer was growing
initially. The latter behavior of reconnection is also present for the Sweet-Parker
reconnection, since the reconnection rate can be faster even before the formation of
steady state current sheet (see [23]).
We are going to compare the prediction given by Eq. (??) against the results of
recent simulations illustrated by Figure 11. The figure shows a few slices of the
magnetic field strength |B| through the three-dimensional computational domain
with dimensions Lx = 1.0 and Ly = Lz = 0.25. The simulation was done with the
resolution 2048× 512× 512. Open boundary conditions along the X and Y direc-
tions allowed studies of steady state turbulence. At the presented time t = 1.0 the
turbulence strength increased by two orders of magnitude from its initial value of
Ekin ≈ 10−4Emag. Initially, only the seed velocity field at the smallest scales was im-
posed (a random velocity vector was set for each cell). We expect that most of the
injected energy comes from the Kelvin-Helmholtz instability induced by the local
interactions between the reconnection events, which dominates in the Z-direction,
along which a weak guide field is imposed (Bz = 0.1Bx). As seen in the planes per-
pendicular to Bx in Figure 11, Kelvin-Helmholtz-like structures are already well de-
veloped at time t = 1.0. Turbulent structures are also observed within the XY-plane,
which probably are generated by the strong interations of the ejected plasma from
the neighboring reconnection events. More detailed analysis of the spectra of tur-
bulence and efficiency of the Kelvin-Helmholtz instability as the turbulent injection
mechanism are presented in [142].
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Fig. 11 Visualization of the model of turbulence generated by the seed reconnection from [142].
Three different cuts (one XY plane at Z=-0.1 and two YZ-planes at X=-0.25 and X=0.42) through
the computational domain show the strength of magnetic field |B| at the evolution time t = 1.0.
Kelvin-Helmholtz-type structures are well seen in the planes perpendicular to the reconnecting
magnetic component Bx. In the Z direction, the Kelvin-Helmholtz instability is slightly suppressed
by the guide field of the strength Bz = 0.1Bx (with Bx = 1.0 initially). The initial current sheet
is located along the XZ plane at Y=0.0. A weak (Ekin ≈ 10−4Emag) random velocity field was
imposed initialy in order to seed the reconnection.
6.3 Effect of energy dissipation in the reconnection layer
In the original LV99 paper it was argued that only a small fraction of the energy
stored in the magnetic field is lost during large-scale reconnection and the mag-
netic energy is instead converted nearly losslessly to kinetic energy of the outflow.
This can only be true, however, when the Alfve´nic Mach number MA = uL/VA is
small enough. If MA becomes too large, then it was argued in ELV11 that energy
dissipation in the reconnection layer becomes non-negligible compared to the avail-
able magnetic energy and there is a consequent reduction of the outflow velocity.
Note that even if MA is initially small, reconnection may drive stronger turbulence
(see previous subsection) and increase the fluctuation velocities uL in the reconnec-
tion layer. This scenario may be relevant to post-CME reconnection, for example,
where there is empirical evidence that the energy required to heat the plasma in
the reconnection layer (“current sheet”) to the observed high temperatures is from
energy cascade due to turbulence generated by the reconnection itself [143]. In ad-
dition, VA within the reconnection layer will be smaller than the upstream values,
because of annihilation of the anti-parallel components, which will further increase
the Alfve´nic Mach number. If MA rises to a sufficiently large value, then the energy
dissipated becomes large enough to cause a reduction in the outflow velocity vout
below the valueVA assumed in LV99 and the predictions of the theory must be mod-
ified. We consider here briefly the modification proposed in ELV11 and some of its
consequences.
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The effect of turbulent dissipation can be estimated from steady-state energy
balance in the reconnection layer:
1
2
v3out∆ =
1
2
V 2A vrenLx− εLx∆ , (40)
where kinetic energy carried away in the outflow is balanced against magnetic en-
ergy transported into the layer minus the energy dissipated by turbulence. Here we
estimate the turbulent dissipation using the formula ε = u4L/VALi for sub-Alfve´nic
turbulence [144]. If one divides (40) by ∆ = Lxvrec/vout , one gets
v3out =V
2
A vout −2
u4L
VA
Lx
Li
, (41)
which is a cubic polynomial for vout . The solutions are easiest to obtain by intro-
ducing the ratios f = vout/VA and r = 2M4A(Lx/Li) which measure, respectively, the
outflow speed as a fraction of VA and the energy dissipated by turbulence in units of
the available magnetic energy, giving
r = f − f 3. (42)
When r = 0, the only solution of (42) with f > 0 is f = 1, recovering the LV99
estimate vout = VA for MA 1. For somewhat larger values of r, f ' 1− (r/2), in
agreement with the formula f = (1− r)1/2 that follows from eq.(65) in ELV11, im-
plying a slight decrease in vout compared with VA. Note that formula (42) cannot be
used to determine f for too large r, because it has then no positive, real solutions!
This is easiest to see by considering the graph of r vs. f . The largest value of r for
which a positive, real f exists is rmax = 2/
√
27≈ 0.385 and then f takes on its min-
imum value fmin = 1/
√
3 ≈ 0.577. This implies that the LV99 approach is limited
to MA sufficiently small, because of the energy dissipation inside the reconnection
layer and the consequent reduction of the outflow velocity. This is not a very strin-
gent limitation, however, because r is proportional to M4A. If one assumes Lx ' Li,
one may consider values of MA up to 0.662. Given the neglect of constants of order
unity in the above estimate, we may say only that the LV99 approach is limited to
MA . 1. At the extreme limit of applicability of LV99, vout is still a sizable fraction
of VA, i.e. 0.577, not a drastically smaller value.
The effect of the reduced outflow velocity may be, somewhat paradoxically, to in-
crease the reconnection rate. The reason is that field-lines now spend a time Lx/vout
exiting from the reconnection layer, greater than assumed in LV99 by a factor of
1/ f . This implies a thicker reconnection layer ∆ due to the longer time-interval of
Richardson diffusion in the layer, greater than LV99 by a factor of (1/ f )3/2. The
net reconnection speed vrec = vout∆/Lx is thus larger by a factor of (1/ f )1/2. The
increased width ∆ more than offsets the reduced outflow velocity vout . However,
this effect can give only a very slight increase, at most by a factor of 31/4 ' 1.31 for
fmin = 1/
√
3. We see that for the entire regime MA . 1 where LV99 theory is ap-
plicable, energy dissipation in the reconnection layer implies only very modest cor-
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rections. It is worth emphasizing that “large-scale reconnection” in super-Alfve´nic
turbulence with MA > 1 is a very different phenomenon, because magnetic fields are
then so weak that they are easily bent and twisted by the turbulence. Any large-scale
flux tubes initially present will be diffused by the turbulence through a process much
different than that considered by LV99. For a discussion of this regime, see [145].
6.4 Relativistic reconnection
Magnetic turbulence in a number of astrophysical highly magnetized objects, ac-
cretion disks near black holes, pulsars, gamma ray bursts may be in the relativistic
regime when the Alfve´n velocity approaches that of light. The equations that govern
magnetized fluid in this case look very different from the ordinary MHD equations.
However, studies by [146] and [147] show that for both balanced and imbalanced
turbulence, the turbulence spectrum and turbulence anisotropies are quite similar
in this regime and the non-relativistic one. This suggests that the Richardson dif-
fusion and related processes of LV99-type magnetic reconnection should cary on
to the relativistic case (see Lazarian & Yan 2012). This prediction was confirmed
by the recent numerical simulations Makoto Takomoto (2014, private communica-
tion) who with his relativistic code adopted the approach in Kowal et al (2009) and
showed that the rate of 3D relativistic magnetic reconnection gets independent of
resistivity.
The suggestion that LV99 is applicable to relativistic reconnection motivated the
use of the model for explaining gamma ray bursts in [148] and [16] studies (see also
§7.2) and in accretion disks around black holes and pulsars studies [178, 166]. Now,
as the extension of the model to relativistic case has be confirmed these and other
cases where the relativistic analog of LV99 process was discussed to be applicable
(see Lyutikov & Lazarian 2013) are given numerical support.
Naturally, more detailed studies of both relativistic MHD turbulence and rela-
tivistic magnetic reconnection are required (see also chapter by de Gouveia Dal Pino
and Kowal in this volume and references therein). It is evident that in magnetically-
dominated, low-viscous plasmas turbulence is a generic ingredient and thus it must
be taken into account for relativistic magnetic reconnection. As we discuss else-
where in the review the driving of turbulence may by external forcing or it can be
driven by reconnection itself.
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7 Implications of fast reconnection in turbulent fluids
7.1 Flux freezing in astrophysical fluids
Since the concept was first proposed by Hannes Alfve´n in 1942, the principle of
frozen-in field lines has provided a powerful heuristic which allows simple, back-
of-the-envelope estimates in place of full solutions (analytical or numerical) of the
MHD equations ([2], [149]). As such, the flux-freezing principle has been applied to
gain insight into diverse processes, such as star formation, stellar collapse, magnetic
dynamo, solar wind magnetospheric interactions, etc. However, it has long been un-
derstood that magnetic flux-conservation, if strictly valid, would forbid magnetic re-
connection, because field-lines frozen into a continuous plasma flow cannot change
their topology. Thus, the flux-freezing principle is in apparent contradiction with
numerous observations of fast reconnection in high-conductivity plasmas.
Quite apart from these serious empirical difficulties, the flux-freezing principle
has recently been shaken by a fundamental theoretical problem. Standard mathe-
matical proofs of flux-freezing in MHD always assume, implicitly, that velocity and
magnetic fields remain smooth as η→ 0. However, MHD solutions with small resis-
tivities and viscosities (high magnetic and kinetic Reynolds numbers) are generally
turbulent. These solutions exhibit long ranges of power-law spectra corresponding
to very non-smooth or “rough” magnetic and velocity fields. Fluid particle (La-
grangian) trajectories in such rough flows are known to be non-unique and stochas-
tic (see [150, 151, 153, 154, 155, 156], and, for reviews, [120] and [157]). In fact, it
is possible to show that, in the limit of infinite Reynolds number, there is an infinite
random ensemble of particle motions for the same initial conditions! This remark-
able phenomenon has been called spontaneous stochasticity. It view of the above,
it is immediately clear as a consequence that standard flux-freezing cannot hold in
turbulent plasma flows. After all, the usual idea is that magnetic field-lines at high
conductivity are tied to the plasma flow and follow the fluid motion. However, if
the latter is non-unique and stochastic, then which fluid element will the field-line
follow?
The phenomenon of spontaneous stochasticity in magnetic field was shown to
be inseparably related to LV99 reconnection theory in ELV11. It provides, however,
a new outlook on the problem of magnetic field in turbulent fluids. The notion of
the violation of the flux conservation Alfve´n theorem is implicit in LV99 (but it
is expressed explicitly in [138]). At the moment we can definitively assert that the
domain of the Alfve´n theorem on flux freezing is limited to laminar fluids only.
In view of the longstanding misconceptions about the general validity of mag-
netic flux-conservation for high-conductivity MHD, it is worth making a few more
detailed remarks. The standard textbook proofs of flux-conservation (e.g. [158]) all
make implicit assumptions that are violated in turbulent flow. The proofs typically
start with the ideal induction equation
∂tB = ∇× (u×B)
40 Alex Lazarian, Gregory L. Eyink, Ethan T. Vishniac and Grzegorz Kowal
and consider a material surface S(t) advected by velocity u. Then the time-derivative
of the flux integral becomes
d
dt
∫
S(t)
B(t) ·dA =
∫
S(t)
∂tB(t) ·dA+
∫
C(t)
B(t) · (u×dx).
The first term from the evolution of B and the second term from the motion of the
surface cancel identically, implying constant flux through the surface. Of course,
in reality, there is always a finite conductivity σ , however large, and the induction
equation is
∂tB = ∇× (u×B)+λ4B,
with λ = c2/4piσ . The last term represents a diffusion of magnetic field lines in or
out of the surface element, so that flux is no longer exactly conserved.
For a laminar velocity field, this diffusion effect is small. It is not hard to see that
a pair of field lines will attain a displacement r(t) apart under the combined effect
of advection and diffusion obeying
d
dt
〈r2〉= 12λ +2〈r ·δu(r)〉
where δu(r) is the relative advection velocity at separation r. Thus,
d
dt
〈r2〉 ≤ 12λ +2‖∇u‖〈r2〉,
where ‖∇u‖ is the maximum value of the velocity-gradient ∇u. It follows that two
lines initially at the same point, by time t can have separated at most
〈r2(t)〉 ≤ 6λ e
2‖∇u‖t −1
‖∇u‖ . (43)
If we thus consider a smooth laminar flow with a fixed, finite value of ‖∇u‖, then
〈r2(t)〉→ 0 as λ → 0. Under such an assumption, magnetic field lines do not diffuse
a far distance away from the solution of the deterministic ordinary differential equa-
tion dx/dt = u(x, t), and the magnetic line-diffusion becomes a negligible effect. In
that case, magnetic flux is conserved better as λ decreases.
However, in a turbulent flow, the above argument fails! The inequality (43) still
holds, of course, but it no longer restricts the dispersion of field-lines under the joint
action of resistivity and advection. As is well-known, a longer and longer inertial
range of power-law spectrum E(k) occurs as viscosity ν decreases and the maxi-
mum velocity gradient ‖∇u‖ becomes larger and larger. In fact, energy dissipation
ε = ν‖∇u‖2 is observed to be non-vanishing as ν → 0 in turbulent flow, requiring
velocity gradients to grow unboundedly. Estimating ‖∇u‖ ∼ (ε/ν)1/2, the upper
bound (43) becomes
〈r2(t)〉 ≤ 6λ (ν/ε)1/2[exp(2t(ε/ν)1/2)−1]. (44)
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This bound allows unlimited diffusion of field-lines. Consider first the case λ = ν
or Pt = 1, for simplicity, where Richardson’s theory implies that
〈r2(t)〉 ∼ 12λ t+ εt3. (45)
The rigorous upper bound always lies strictly above Richardson’s prediction and, in
fact, goes to infinity as ν = λ → 0! The case of large Prandtl number is just slightly
more complicated, as previously discussed in §6.1. When Pt  1, the inequality
(44) holds as an equality for times t ttrans with
ttrans =
ln(Pt)
2(ε/ν)
. (46)
This is then followed by a Richardson diffusion regime
〈r2(t)〉 ∼ 6(ν3/ε)1/2+ ε(t− ttrans)3, t ttrans, (47)
assuming that the kinetic Reynolds number is also large and a Kolmogorov inertial
range exists at scales greater than the Kolmogorov length (ν3/ε)1/4.Once again, the
upper bound (44) is much larger than Richardson’s prediction and, at times longer
than ttrans, the dispersion of field lines is independent of resistivity.
The textbook proofs of magnetic flux-freezing for ideal MHD are therefore based
on unstated assumptions which are explicitly violated in turbulent flows. They are
mathematically valid derivations with appropriate assumptions, but physically in-
applicable in typical astrophysical systems with plasma turbulence at MHD scales.
It is worth emphasizing that any attempt to obtain fast reconnection (independent
of resistivity) within a similar hydromagnetic description must likewise account for
flux-freezing violation. For example, it has been conjectured [159, 160] that re-
connection rates are independent of resistivity in Hall MHD X-point reconnection.
This proposal faces the same a priori theoretical difficulty as MHD-based theories,
since magnetic field-lines remain frozen-in to the electron fluid in ideal Hall MHD.
The conjectured failure of flux-freezing in Hall MHD X-point reconnection even as
λ → 0 must therefore be explained. Analytical studies of Hall reconnection indi-
cate that the mechanism may be mathematically similar to the turbulent LV99 case,
in that gradients of the electron fluid velocity ue in the direction of the outgoing
reconnection jets are predicted to diverge proportional to S, the Lundquist number
[33, 34].
The Hall effects discussed above, as well as other microscopic plasma effects, are
not expected to modify the Richardson diffusion of magnetic field lines at length
scales much greater than the ion Larmor radius (see Appendix B of ELV11 and
section 3.5 of this review). However, one may worry that additional hydrodynamic
effects at large scales may fundamentally alter Richardson diffusion. For example,
in the Kraichnan-Kazantsev turbulence model [144], where “spontaneous stochas-
ticity” was first predicted, it was shown that a sufficiently high degree of compress-
ibility may eliminate Richardson dispersion entirely and replace it with instead a
coalescence of fluid particles [151, 152]. If such effects were found in compressible
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MHD turbulence, then they could strongly alter the quantitative predictions of LV99,
at the very least. This is a particular source of concern because most astrophysical
plasmas are compressible, with Mach numbers ranging from a bit less than unity
(subsonic) to very large (hypersonic). Note that the numerical tests of Richardson
dispersion reported in section 4.6 were for incompressible MHD turbulence. Could
compressible MHD turbulence be fundamentally different?
There is at this time no complete theory of Richardson dispersion for MHD tur-
bulence (or, for that matter, for hydrodynamic turbulence), but there are several rea-
sons to believe that compressibility effects will be minimal on the turbulent motion
of field lines relevant to reconnection. First, very high degrees of compressibility
are required in the Kraichnan model [144] to eliminate spontaneous stochasticity.
In 3D the kinetic energy in the potential part of the flow must be 10 times greater
than in the solenoidal part! Such extreme compressibility is rare in astrophysics. Of
course, the Kraichnan model velocity is Gaussian and contains no compressible co-
herent structures like shocks, which may magnify the compressibility effects. It is
well-known that the simple Burgers model, which is entirely potential flow, exhibits
no spontaneous stochasticity but instead coalescence of particles in shocks [161].
However, Burgers differs in another crucial respect from the Kraichnan model in
that it is time-irreversible. As discussed in [162] and ELV11, it is the Richardson
dispersion of magnetic field lines backward in time which is relevant to breakdown
of flux-freezing. As shown in [126], the Burgers model does exhibit spontaneous
stochasticity backward in time and field lines will thus not be “frozen-in” for van-
ishing resistivities. This is completely unlike the Kraichnan model for pure potential
flow in which fluid particles coalesce backward in time as well as forward. In the
Burgers model, therefore, magnetic field lines which arrive together at the shock
become glued together to produce a resultant magnetic field at the shock. This is the
same thing that happens at each point in incompressible MHD turbulence! Our sec-
ond argument is thus that micro-scale shocklets in compressible MHD turbulence
will probably glue field lines together in a manner almost indistinguishable from the
surrounding “sea” of rough turbulence with continuous velocities. Finally, we note
that the compressible MHD wave modes (slow and fast magnetosonic waves) are
found in numerical simulations to decouple dynamically from the solenoidal shear-
Alfve´n modes, which exhibit turbulence characteristics very similar to those of in-
compressible MHD [70, 71]. Since shear-Alfve´n waves produce the dominant fluid
motions normal to the direction of the mean magnetic field, they will be the principal
drivers of magnetic field-line diffusion across a turbulent reconnection layer. While
more research into compressible MHD turbulence is desirable, the above facts sup-
port the view that compressibility effects will not strongly alter turbulent magnetic
reconnection.
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7.2 Solar flares and gamma ray bursts
Preexisting turbulence is a rule for astrophysical systems. However, for sufficiently
low MA the LV99 reconnection rates may be quite small. Would this mean that the
reconnection will stay slow? LV99 model predicts reconnection instability that can
drive reconnection in a bursty fashion in low β plasmas. If initially MA is very
small, the magnetic field wandering is small and therefore the reconnection is going
to proceed at a slow pace. However, the system of two highly magnetized flux tubes
being in contact is unstable to the development of turbulence arising from magnetic
reconnection. Indeed, if the outflow gets turbulent, turbulence should, first of all,
increase the magnetic field wandering thus increasing the width of the outflow ∆ .
Second, the increase of ∆ increases the energy injection in the system via the in-
crease of Vrec. Both factors drive up the level of turbulence in the system8 inducing
a positive feedback which in magnetically dominated media will lead to explosive
reconnection.
A characteristic feature of this reconnection instability is that it has a threshold
and therefore it can allow the accumulation of the flux prior to reconnection. In other
words, as remarked before, LV99 model predicts that the reconnection can be both
fast and slow, which is the necessary requirement of bursty reconnection frequently
observed in nature, e.g. in solar flares. This process may be related to the bursts of
reconnection observed in simulations in [163]. In addition, LV99 predicted the pro-
cess of triggered reconnection when reconnection in one part of the volume sends
perturbations that initiate reconnection in adjacent volumes. Such process was, as
we mentioned earlier, also reported recently in the observations of [129].
The value of the threshold for initiating the burst depends on the system. For
instance, tearing instability associated with magnetic reconnection (see [108, 109])
in 3D should create turbulence in agreement with the numerical simulations that
we discussed in §4. This shows how the tearing and turbulent mechanisms may
be complementary, with tearing triggering turbulent reconnection. Note that, once
turbulence develops, the LV99 mechanism can provide much faster reconnection
compared to tearing and tearing becomes a subdominant process. Depending on the
value of the Reynolds number of the outflow, the emerging turbulence may com-
pletely supplant the tearing instability as the driver of reconnection. We believe that
such flares of turbulent reconnection can explain a wide variety of astrophysical pro-
cesses ranging from solar flares to gamma ray bursts as well as bursty reconnection
in the pulsar winds (eg. [178]).
A simple quantitative model of flares was presented in [141]. There it is assumed
that since stochastic reconnection is expected to proceed unevenly, with large varia-
tions in the thickness of the current sheet, one can expect that some unknown frac-
tion of this energy will be deposited inhomogeneously, generating waves and adding
energy to the local turbulent cascade.
8 For instance, the increase of ∆ increases the Reynolds number of the outflow, making the outflow
more turbulent.
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For the sake of simplicity, the plasma density is assumed to be uniform so that
the Alfve´n speed and the magnetic field strength are interchangeable. The nonlinear
dissipation rate for waves is
τ−1nonlinear ∼max
[
k2⊥v
2
wave
k‖VA
,k2⊥VL
]
, (48)
where the first rate is the self-interaction rate for the waves and the second is the
dissipation rate induced by the ambient turbulence (see [164]). The important point
here is that k⊥ for the waves falls somewhere in the inertial range of the strong
turbulence. Eddies at that wavenumber will disrupt the waves in one eddy turnover
time, which is necessarily less than L/VA. Therefore, the bulk of the wave energy
will go into the turbulent cascade before escaping from the reconnection zone.
An additional simplification is achieved by assuming that some fraction ε of the
energy liberated by stochastic reconnection is fed into the local turbulent cascade.
The evolution of the turbulent energy density per area is
d
dt
(
∆V 2
)
= εV 2AVrec−V 2∆
VA
Lx
, (49)
where the loss term covers both the local dissipation of turbulent energy, and its
advection out of the reconnection zone. Since Vrec ∼ vturb and ∆ ∼ Lx(V/VA), it is
possible to rewrite this by defining τ ≡ tVA/Lx so that
d
dτ
M3A ≈ εMA−M3A. (50)
If ε is a constant then
V ≈VAε1/2(1− e−2τ/3)1/2. (51)
This implies that the time during which reconnection rate rises to ε1/2VA is compa-
rable to the ejection time from the reconnection region (∼ Lx/VA).
Within this toy model ε is not defined. Its value can be constrained through ob-
servations. Given that reconnection events in the solar corona seem to be episodic,
with longer periods of quiescence, this is suggestive that ε is very small, for ex-
ample, depends strongly on the ratio of the thickness of the current sheet to Lx. In
particular, if it scales as MA to some power greater than two then initial conditions
dominate the early time evolution.
Another route by which magnetic reconnection might be self-sustaining via tur-
bulence injection would be in the context of a series of topological knots in the
magnetic field, each of which is undergoing reconnection. For simplicity, one can
assume that as each knot undergoes reconnection it releases a characteristic energy
into a volume which has the same linear dimension as the distance to the next knot.
The density of the energy input into this volume is roughly εV 2AV/Lx, where here
ε is defined as the efficiency with which the magnetic energy is transformed into
turbulent energy. Thus one gets
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ε
V 2AV
Lx
∼ v
′3
Lk
, (52)
where Lk is the distance between knots and v′ is the turbulent velocity created by
the reconnection of the first knot. This process will proceed explosively if v′ >V or
V 2ALkε >V
2Lx. (53)
The condition above is easy to fulfill. The bulk motions created by reconnection can
generate turbulence as they interact with their surrounding, so ε should be of order
unity. Moreover the length of any current sheet should be at most comparable to the
distance to the nearest distinct magnetic knot. The implication is that each magnetic
reconnection event will set off its neighbors, boosting their reconnection rates from
VL, set by the environment, to ε1/2VA(Lk/Lx)1/2 (as long as this is less thanVA). The
process will take a time comparable to the crossing time Lx/VL to begin, but once
initiated will propagate through the medium with a speed comparable to speed of
reconnection in the individual knots. The net effect can be a kind of modified sand-
pile model for magnetic reconnection in the solar corona and chromosphere. As the
density of knots increases, and the energy available through magnetic reconnection
increases, the chance of a successfully propagating reconnection front will increase.
This picture is broadly supported by current observations and numerical simula-
tions of solar flares and CME’s. For example, simulations by [165] of the “breakout
model” of CME initiation show that an extremely complex magnetic line structure
develops in the ejecta during and after the initial breakout reconnection phase, even
under the severe numerical resolution constraints of such simulations. In the very
high Lundquist-number solar environment, this complex field must correspond to
a strongly turbulent state, within which the subsequent “anti-breakout reconnec-
tion” and post-CME current sheet occur. Direct observations of such current sheets
[127, 61] verify the presence of strong turbulence and greatly thickened reconnec-
tion zones, consistent with the LV99 model. In the numerical simulations, the “trig-
ger” of the initial breakout reconnection is numerical resistivity and there is no ev-
idence of turbulence or complex field-structure during the eruptive flare onset. This
is very likely to be a result of the limitations on resolution, however, and we expect
that developing turbulence will accelerate reconnection in this phase of the flare as
well.
While the details of the physical processes discussed above can be altered, it is
clear that LV99 reconnection induces bursts in highly magnetized plasmas. This can
be applicable not only to the solar environment but also to more exotic environ-
ments, e.g. to gamma ray bursts. The model of gamma ray bursts based on LV99
reconnection was suggested in [148]. It was elaborated and compared with obser-
vations in [16]. Currently, the latter model is considered promising and it attracts a
lot of attention of researchers. Flares of reconnection that we described above can
also be important for compact sources, like pulsars and black holes in microquasars
and AGNs [178]. They seem like a more natural way of explaining the observed
phenomenon compared to e.g. individual plasmoids (cf. [166]).
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7.3 Reconnection diffusion and star formation
Star formation theory was formulated several decades ago with an explicit assump-
tion that the fully ionized gas and magnetic field are coupled to very high degree.
Therefore, the source of the decoupling was identified with the presence of neutral
atoms which do not directly feel magnetic fields, but interact with ions that tend to
follow magnetic field lines. The slippage of matter in respect to magnetic field was
called ambipolar diffusion and became the textbook explanation for the processes
of star formation in magnetized gas (see more details in the Chapters of E. Zweibel
and of Lizano and Galli in this volume).
Naturally, fast magnetic reconnection changes the situation dramatically. It is
clear that in turbulent astrophysical media the dynamics of matter and gas are dif-
ferent from the idealized picture above and this presents a serious shift in the con-
ventional paradigm of star formation.
The process of moving of matter in respect to magnetic field was identified in
[167] (see also [141]) and successfully tested in the subsequent publications for the
case of molecular clouds and protostellar disks, e.g. [168, 169, 64, 185, 186]. The
theory of transporting matter in turbulent magnetized medium is discussed at length
in [170] and [171] and we refer our reader to these publications. The process was
termed “reconnection diffusion” to stress the importance of reconnection in the the
diffusive transport.
The peculiarity of reconnection diffusion is that it requires nearly parallel mag-
netic field lines to reconnect, while the textbook description of reconnection is usu-
ally associated with anti-parallel description of magnetic field lines. One should
understand that the configuration shown in Figure 4 is just a cross section of the
magnetic fluxes depicting the anti-parallel components of magnetic field. Generi-
cally, in 3D reconnection configurations the sheared component of magnetic field is
present. The process of reconnection diffusion is closely connected with the recon-
nection between adjacent Alfve´nic eddies (see Figure 12). As a result, adjacent flux
tubes exchange their segments with entrained plasmas and flux tubes of different
eddies get connected. This process involves eddies of all the sizes along the cascade
and ensures fast diffusion which has similarities with turbulent diffusion in ordinary
hydrodynamic flows.
Finally, a number of studies attempted to understand the role of joint action of tur-
bulence and ambipolar diffusion. For instance, [172] (henceforth HX04) performed
2.5D simulations of turbulence with two-fluid code and examined the decorrelation
of neutrals and magnetic field in the presence of turbulence (see also the Chapter
by Zweibel in this volume). The study reported an enhancement of diffusion rate
compared to the ambipolar diffusion in a laminar fluid. HX04 correctly associated
the enhancement with turbulence creating density gradients that are being dissolved
by ambipolar diffusion (see also [173]). However, in 2.5D simulations of HX04 the
numerical set-up precluded reconnection from taking place as magnetic field was
perpendicular to the plane of 2D mixing and therefore magnetic field lines were ab-
solutely parallel to each other. This will not happen in realistic astrophysical situa-
tions where reconnection will be an essential part of the physical picture. Therefore,
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Fig. 12 Reconnection diffusion: exchange of flux with entrained matter. Illustration of the mixing
of matter and magnetic fields due to reconnection as two flux tubes of different eddies interact.
Only one scale of turbulent motions is shown. In real turbulent cascade such interactions proceed
at every scale of turbulent motions. From [170].
we claim that a treatment of “turbulent ambipolar diffusion” without addressing the
reconnection issue is of academic interest.
Incidentally, the authors of HX04 reported an enhanced rate that is equal to the
turbulent diffusion rate LVL. The fact that ambipolar diffusion rate does not enter the
result in HX04 suggests that ambipolar diffusion is irrelevant for the diffusion of
matter in the presence of turbulence. This is another reason not to call the observed
process “turbulent ambipolar diffusion” 9.
Therefore we believe that HX04 captured in their simulations a special degener-
ate case of 2.5D turbulent diffusion where due to a special set up the reconnection is
avoided and magnetic field lines do not intersect. We also note that, in the presence
of turbulence, the independence of the gravitational collapse from the ambipolar dif-
fusion rate was reported in numerical simulations by [174], although further higher
resolution studies are still missing..
A comprehensive review dealing with reconnection diffusion is presented in
[175].
7.4 Heat and cosmic ray transport in the presence of reconnection
Magnetic reconnection is a very fundamental basic process that happens in all mag-
netized fluids. As we discussed in §3 magnetic reconnection is closely related to the
9 A similar process takes place in the case of molecular diffusivity in turbulent hydrodynamic
flows. The result for the latter flows is well known: in the turbulent regime, molecular diffusivity is
irrelevant for the turbulent transport. The process is called therefore “turbulent diffusivity” without
adding the superfluous and inappropriate word “molecular”.
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turnover processes of magnetic eddies as well as magnetic field wandering. The for-
mer is essential for the heat advection via turbulent mixing of magnetized gas. The
process was invoked by [89] to explain the suppression of cooling flows in galaxy
clusters. Fast LV99 magnetic reconnection was invoked to justify the existence of
magnetic eddies for the very high Lundquist number plasmas (see more [55, 176]).
Heat transport is also possible in magnetized plasma if electrons are streaming
along meandering magnetic field lines. In [88] the heat transfer by electron stream-
ing was compared with that induced by turbulent eddies and it was concluded that
in typical clusters of galaxies the latter dominates.
Transport of cosmic rays along meandering magnetic field was invoked to solve
the problem of perpendicular diffusion in Milky Way in classical studies [177]. For
the propagation of cosmic rays the dynamics of turbulent magnetized plasmas is not
important as c/VA is usually large. However, the formation of the complicated web
of the wandering magnetic field lines that is consistent with the Kolmogorov-type
scaling of turbulence statistics does necessarily require fast magnetic reconnection.
7.5 Reconnection and First-order Fermi acceleration
The process of LV99 reconnection invokes shrinking magnetic loops. It is clear
from Figure 1 in the Chapter by de Gouveia Dal Pino and Kowal in this volume
that particles entrained on such a loop will experience acceleration. This process
that naturally follows from the LV99 model was invoked by [178] to predict effi-
cient First-Order Fermi acceleration of cosmic rays in the reconnection regions (see
also [167]). The latter are traditionally associated with the acceleration of particles
in shocks10. Later research revealed the high promise of the process for explaining
various physical processes. Recently, the acceleration of cosmic rays in reconnec-
tion has been invoked to explain results on the anomalous cosmic rays obtained by
Voyager spacecrats ([135, 128]), the local anisotropy of cosmic rays ([179]) and the
acceleration of cosmic rays in clusters of galaxies ([180]), as well as in the surrounds
of compact sources and black holes [178] and relativistic jets [166]. Naturally, the
process of acceleration is much more widespread and not limited to the explored
examples.
In addition to the acceleration of cosmic rays parallel to magnetic field, accelera-
tion perpendicular to the magnetic field is also possible, as discussed in [183, 182].
The advantage of such a perpendicular acceleration is that the gain of energy is tak-
ing place every Larmor period of the cosmic ray. The efficiency of perpendicular
acceleration was observed in simulations of [183], where the simulations of tur-
bulent reconnection were used to study the acceleration of cosmic rays (see more
details in de Gouveia Dal Pino and Kowal’s chapter in this volume).
10 The First-Order Fermi acceleration is a process in which the energy gain is proportional to the
first order of the ratio of the shock velocity to that of light. It should be distinguished from the
stochastic Second-Order Fermi acceleration which is proportional to the square of this ratio. (see
more details in de Gouveia Dal Pino and Kowal’s chapter in this volume).
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7.6 Dissipation of turbulence in current sheets
MHD turbulence cascade does not depend on the details of microphysics. However,
at sufficiently small scales current sheets are formed and those may dissipate a sub-
stantial part of the turbulent cascade. As we discussed in §3 within LV99 model
small scale reconnection events may happen due to ordinary Ohmic or plasma ef-
fects. In particular, the small scale current sheets can be in the collisionless regime.
Therefore it is not easy to distinguish the nature of magnetic reconnection by study-
ing the processes of electron and proton heating.
8 Discussion
8.1 Interrelation of LV99 reconnection and modern understanding
of MHD turbulence
MHD turbulence has advanced considerably in the last 20 years. It is easy to under-
stand that strong Alfve´nic turbulence that induces Richardson diffusion does require
fast reconnection. Indeed, eddy type motions that are produced by such turbulence
can happen only if the magnetic field of the eddies relaxes on the time scale of eddy
turnover. Calculations in LV99 showed that the GS95 theory [73] is self-consistent
when the small-scale magnetic reconnection between adjacent turbulent eddies hap-
pens with the LV99 predicted rate11. This result also follows from the Richardson
diffusion that we discussed in the chapter.
by a factor . This rate varies from ∼VA for largest eddies in transAlfve´nic turbu-
lence to a small fraction ofVA for the smallest eddies. Obviously, no mechanism that
produces a fixed reconnection rate, e.g. the rate of 0.1VA that for decades was a sort
of Holy Grail rate for the researchers attempting to explain Solar flares, can make
modern theories of MHD turbulence, both the GS95 and its existing modifications,
self-consistent. At the same time, ELV11 showed that the Lagrangian dynamics
of turbulent fluids do require fast magnetic reconnection. Or, reversing the role of
cause and effect, the Lagrangian phenomenon of Richardson dispersion produces
a breakdown in the standard form of flux-freezing for a turbulent MHD flow. The
reconnection rates that are dictated by the well-established process of Richardson
diffusion coincide with those predicted by LV99.
11 Indeed, within the GS95 picture the reconnection happens with nearly parallel lines with mag-
netic pressure gradient V 2A /l‖ being reduced by a factor l
2
⊥/l
2
‖ , since only reversing component is
available for driving the outflow. At the same time the length of the contracted magnetic field lines
is also reduced from l⊥ but l2⊥/l‖|. Therefore the acceleration is τ
−2
e ject l
2
⊥/l‖|. As a result, the New-
tons’ law gives V 2A l
2
⊥/l
3
‖ ≈ τ−2e ject l2⊥/l‖|. This provides the result for the ejection rate τ−1e ject ≈VA/l‖.
The length over which the magnetic eddies intersect is l⊥ and the rate of reconnection is Vrec/l⊥.
For the stationary reconnection this gives Vrec ≈ VAl⊥/l}, which provides the reconnection rate
VA/l‖, which is exactly the rate of the eddy turnovers in GS95 turbulence.
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In other words, LV99 reconnection is an intrinsic and inseparable element of
MHD turbulence. There can be other types of magnetic reconnection, that are im-
portant in particular circumstances, but in turbulent fluids the LV99 type seems in-
evitable.
8.2 Suggestive evidence on fast reconnection
A study of tearing instability of current sheets in the presence of background 2D tur-
bulence that observed the formation of large-scale islands was performed in [184].
While one can argue that observed long-lived islands are the artifact of adopted 2D
geometry, the authors present evidence for fast energy dissipation in 2D MHD tur-
bulence and show that this result does not change as they change the resolution. A
more recent work of [187] provides evidence for fast dissipation also in 3D MHD
turbulence. This phenomenon is consistent with the idea of fast reconnection, but
cannot be treated as a direct evidence of the process. Although related, fast dissipa-
tion and fast magnetic reconnection are rather different physical processes, dealing
with decrease of energy on the one hand and decrease of magnetic flux on the other.
Works by Galsgaard and Nordlund, in particular [188], could also be interpreted
as an indirect support for fast reconnection. The authors showed that in their simula-
tions they could not produce highly twisted magnetic fields. One possible interpre-
tation of this result could be the fast relaxation of magnetic field via reconnection. In
this case, these observations could be related to the numerical finding of [189] which
shows that reconnecting magnetic configurations spontaneously get chaotic and dis-
sipate, which, as discussed in [190], may be related to the LV99 model. However,
in view of many uncertainties of the numerical studies, this relation is unclear. The
highest resolution simulations of [188] were only 1363 and with Reynolds number
so small that they could not allow a turbulent inertial-range.
8.3 Convergence of different approaches to fast reconnection
The LV99 model of magnetic reconnection in the presence of weakly stochastic
magnetic fields was proposed more than a decade ago. In fact, LV99 and the idea
of collisionless X-point reconnection mediated by the Hall effect are essentially co-
eval. At the same time, due to a few objective factors, it met less enthusiasm in
the community than the X-point collisionless reconnection. One can speculate what
were the factors responsible for this slow start. For one thing, the collisionless X-
point reconnection was initiated and supported by numerical simulations, while the
numerical testing of LV99 became possible only recently. In addition, the accep-
tance of the idea of astrophysical fluids generically being in turbulent state was only
taking roots in 1999 (but see [191]!) and at that time it had much less observational
support. By now we have much more evidence which justifies the claim that models
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ignoring pre-existent turbulence have little relevance to astrophysics. Finally, the an-
alytical solutions of LV99 were based on the use and extension of the GS95 model
of turbulence. However, the GS95 theory was far from being universally accepted at
the time LV99 was published12.
The situation has changed substantially by now. With GS95, as we discussed
earlier, being widely accepted, with more observational evidence of ubiquitous tur-
bulence in astrophysical environments and with the successful testing of the LV99
model, it is more difficult to argue against the importance of turbulence for astro-
physical reconnection. Moreover, the LV99 model has received more support from
solar observations §5, which both showed that magnetic reconnection can be fast
in collisional media, where the aforementioned collisionless reconnection does not
work. Solar observations also confirmed LV99 predictions on the thickness of re-
connection regions and on triggering reconnecttion by the neighboring reconnection
events. Last, but not the least, a very important development took place, namely, the
LV99 model was connected to the modern developments in the Lagrangian descrip-
tion of magnetized fluids and the equivalence of the approach in LV99 and that
based on spontaneous stochasticity was established (see §3 and §4).
One can argue that we have observed the convergence of LV99 with other di-
rections of reconnection research. In particular, recent models of collisionless re-
connection have acquired several features in common with the LV99 model. In par-
ticular, they have moved to consideration of volume-filling reconnection (see [11]).
While much of the discussion may still be centered around 2D magnetic islands pro-
duced by reconnection, in three dimensions these islands are expected to evolve into
contracting 3D loops or ropes [192], which is broadly similar to what is depicted
in Figure 11, at least in the sense of introducing stochasticity to the reconnection
zone. Moreover, it is more and more realized that the 3D geometry of reconnection
is essential and that the 2D physics is not adequate and may be misleading. This
essentially means the end of the epoch of the dominance of collisionless X-point
reconnection. The interest of the models alternative to LV99 shifted to chaotically
broadened extended Y-shaped outflow regions, which were advocated in LV99 and
confirmed by observations.
The departure from the concept of laminar reconnection and the introduction
of magnetic stochasticity is also apparent in a number of recent papers appealing
to the tearing mode instability to drive fast reconnection (see [108], [109]). These
studies showed that tearing modes do not require collisionless environments and
thus collisionality is not a necessary ingredient of fast reconnection13. Finally, the
reported development of turbulence in 3D numerical simulations clearly testifies that
the reconnection induces turbulence even if the initial reconnection conditions are
laminar. Naturally, one should expect that turbulence modifies tearing instability and
12 In fact, this unsatisfactory situation with the theory of turbulence motivated some of us to work
seriously on testing turbulence models (see [79, 81, 70, 71])
13 The largest-scale Hall MHD simulations performed to date [193] do show somewhat higher
reconnection rates for laminar X-point solutions than for plasmoid unstable regimes, but the X-
point solutions lose stability and seem to have lower reconnection rates with decreasing ratios
δi/Lx.
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induces its own laws for reconnection thus making for many situations the tearing
modes only the trigger to self-supported turbulent reconnection. If this is the case,
the final non-linear stage of the reconnection should allow a theoretical description
based on the LV99 model.
All in all, in the last decade, the models competing with LV99 have undergone
a substantial evolution, from 2D collisionless X-point reconnection based mostly
on Hall effect to 3D reconnection where the collisionless condition is no more re-
quired, Hall effect is not employed, but magnetic stochasticity and turbulence play
an important role in the thick Y-shaped reconnection regions. In other words, a re-
markable convergence has taken place.
Saying all the above, we want to stress that collisionless X-point reconnection
may nevertheless be suitable for the description of reconnection when the recon-
necting flux-structures are comparable with the ion gyro scale, which is the case of
the reconnection studied situ in the magnetosphere (see Table 1). However, this is
a special case of magnetic reconnection with, we argue, atypical features compared
with most astrophysical reconnection.
8.4 Recent attempts to relate turbulence and reconnection
Gue et al. [194] proposed a model based on the earlier idea of mean field approach
suggested initially in [145]. In the latter paper the author concluded that the recon-
nection rate should be always slow in the presence of turbulence. On the contrary,
models in [194] invoke hyperresistivity and get fast reconnection rates. Similarly,
invoking the mean field approach [195] presented their model of turbulent recon-
nection.
The mean field approach invoked in the aforementioned studies was critically
analyzed by [162], and below we briefly present some arguments from that study.
The principal difficulty is with the justification of using the mean field approaches
to explain fast magnetic reconnection. In such an approach effects of turbulence are
described using parameters such as anisotropic turbulent magnetic diffusivity and
hyper-resistivity experienced by the fields once averaged over ensembles. The prob-
lem is that it is the lines of the full magnetic field that must be rapidly reconnected,
not just the lines of the mean field. ELV11 stress that the former implies the latter,
but not conversely. No mean-field approach can claim to have explained the ob-
served rapid pace of magnetic reconnection unless it is shown that the reconnection
rates obtained in the theory are strictly independent of the length and timescales of
the averaging. More detailed discussion of the conceptual problems of the hyper-
resistivity concept and mean field approach to magnetic reconnection is presented
in [17] and ELV11.
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8.5 Reconnection and numerical simulations
As discussed in section §4.1, a brute force numerical approach to astrophysical re-
connection is impossible. Therefore our numerical studies of reconnection diffusion
in [168, 169, 64, 186] deal with a different domain of Lundquist numbers and the
theoretical justification why for the given problem the Lundquist number regime is
not essential. For the case of reconnection diffusion simulations, LV99 theory pre-
dicts that the dynamics of reconnection is independent from the Lundquist number
and therefore the reconnection in the computer simulations in the presence of tur-
bulence adequately represents the astrophysical process.
The above numerical results explored the consequences of reconnection diffu-
sion. Similarly, as numerical studies of ambipolar diffusion do not “prove” the very
concept of ambipolar diffusion, our studies were not intended to “prove” the idea
of reconnection diffusion. Our goal was to demonstrate that, in agreement with the
theoretical expectations, the process of reconnection diffusion is important for a
number of astrophysical set-ups relevant to star formation.
8.6 Plasma physics and reconnection
We have been primarily interested in this review in reconnection phenomena at
scales much larger than the ion gyro-radius ρi. We have also made the claim—
which may appear paradoxical to some—that these phenomena can be explained
by hydrodynamical processes in turbulent MHD regimes. Microscopic plasma pro-
cesses do play a role, however, which should be briefly explained. Consider a col-
lisionless turbulent plasma, such as the solar wind, in which the MHD description
of the cascade terminates at the ion gyro radius. At scales smaller than ρi but larger
than ρe, the plasma is described by an ion kinetic equation and a system of “elec-
tron reduced MHD” (ERMHD) equations for kinetic Alfve´n waves [68, 69]. This
system exhibits the “Hall effect”, with distinct ion and electron mean flow velocities
and magnetic field-lines frozen-in to the electron fluid. The ERMHD equations (or
the more general “electron MHD” or EMHD equations) produce the typical features
of “Hall reconnection” such as quadrupolar magnetic fields in the reconnection zone
[196]14. At length scales smaller than ρe, kinetic equations are required to describe
both the ions and the electrons. It is at these scales that the magnetic flux finally
14 Because the Hall MHD equations have played a prominent role in magnetic reconnection re-
search of the past decade [9, 197, 198, 199, 10, 200, 201], it is worth remarking that those equations
are essentially never applicable in astrophysical environments. A derivation of Hall MHD based on
collisionality requires that the ion skin-depth δi must satisfy the conditions δi  L `mf p,i. The
second inequality is needed so that a two-fluid description is valid at the scales L of interest, while
the first inequality is needed so that the Hall term remains significant at those scales. However,
substituting δi = ρi/
√
βi into (4) yields the result
`mf p,i
δi
∝
Λ
lnΛ
vth,i
c
.
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“unfreezes” from the electron fluid, due to effects such as Ohmic resistivity, elec-
tron inertia, finite electron gyroradius, etc. However, as we have discussed at length
in this review, these weak effects are vastly accelerated by turbulent advection and
manifested, in surprising ways, at far larger length scales.
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